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Introduction to Thesis 
 
 
Palpation has been used in medicine as a tool for physical assessment of abnormal tissue 
since the time of Hippocrates (Cantisani et al., 2014), and manual therapy practitioners such 
as osteopaths routinely rely on palpation to assess tissue texture and quality (Huguenin, 2004) 
in identifying signs of somatic dysfunction1.  Despite palpation being central to the 
identification of somatic dysfunction, there is limited evidence for the reliability of palpation 
of tissue texture (Paulet & Fryer, 2009).  The identification of somatic dysfunction is based 
on satisfying the ‘TART’ criteria (T-tissue texture changes, A-asymmetry of joint position, R- 
restriction in motion, T-tenderness in tissue with palpation) (Licciardone, Nelson, Glonek, 
Sleszynski, & Cruser, 2005; Paulet & Fryer, 2009).  Of the four components of TART only 
tenderness associated with pain provocation testing has shown acceptable reliability amongst 
practitioners (Paulet & Fryer, 2009). 
 
Ultrasound imaging (USI) is becoming more common as a tool for soft tissue assessment and 
diagnosis in manual therapy clinics (Whittaker et al., 2007), and may potentially augment the 
role of palpation in clinical assessment.  One of the recent advances in USI technology 
includes assessment of tissue stiffness through the development of elastography in ultrasound 
imaging (Brandenburg et al., 2014).  Elastography provides a measure of ‘stiffness and 
elasticity’ of a region of tissue in comparison to its surrounding structures (Brandenburg et 
al., 2014).  Elastography  has shown promise in diagnostic ultrasound particularly for breast, 
liver (Barr, 2014), thyroid, and prostate regions (Klauser et al., 2014).  The validity and 
feasibility of ultrasound elastography (EUS) in detecting tumors in these organs has been 
established (Klauser et al., 2014).  Furthermore, EUS can also accurately differentiate 
malignant cancers from benign (Correas et al., 2013).  Tissues with benign tumors present 
elasticity in more homogenous patterns, whereas malignant tumors result in heterogenic 
patterns of elasticity and are ‘stiffer’ than benign tumors (Correas et al., 2013).  These 
changes in tissue composition are detectable with EUS.  Similarly, EUS can detect 
differences in tissue stiffness in musculoskeletal tissues such as the gastrocnemius, and 
trapezius muscle (Brandenburg et al., 2014; Kuo, Jian, Wang, & Wang, 2013), plantar region 
of the heel (Lin, Lin, Chou, Chen, & Wang, 2015), and the paraspinal muscles (Chan et al., 
2012). 
 
1  Somatic dysfunction is defined as “an impaired or altered function of related components of the 
somatic framework; skeletal, arthrodial, myofascial and related vascular, lymphatic and neural 
elements.” (Parsons & Marcer, 2006) 
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Just as elastography has made a mark in diagnostic imaging of the areas of breast, thyroid, 
prostate and liver (D. Cosgrove et al., 2013; T De Zordo et al., 2010), there has been 
emerging interest in the role of elastography as a potential tool for rehabilitative applications 
(Park & Kwon, 2011; Whittaker et al., 2007).  Rehabilitative ultrasound imaging (RUSI) is 
starting to be used by practitioners in musculoskeletal rehabilitation for applications such as 
assessment of the morphology (muscle structure), morphometry (morphological features such 
as muscle length, diameter, depth, volume) and other associated soft tissue structures 
(Whittaker & Stokes, 2011; Whittaker et al., 2007).  Furthermore, RUSI is effective in 
providing real time biofeedback of the contractile state of the muscle function (Whittaker & 
Stokes, 2011; Whittaker et al., 2007) which may be useful for rehabilitative scenarios such as 
motor control retraining of spinal muscles in people with certain types of low back pain 
(Chan et al., 2012), and for rehabilitation research that underpins clinical practice (Whittaker 
& Stokes, 2011; Whittaker et al., 2007). 
 
There is increasing evidence that brightness or B-mode USI is an effective tool for assistance 
in rehabilitative medicine (Teyhen & Koppenhaver, 2011).  Brightness mode imaging is used 
in RUSI by physical therapists for assessing soft tissue changes in relation to musculoskeletal 
disorders (Chan et al., 2012; Teyhen & Koppenhaver, 2011).  For example, the effects of 
exercise and movement can be monitored to visualise how soft tissue function and 
morphology is affected (Schneebeli, Egloff, Giampietro, Clijsen, & Barbero, 2014).  B-mode 
USI is also used alongside treatment interventions to assist in improvement of neuromuscular 
function of the region of interest (ROI) (Schneebeli et al., 2014).  For example, in people with 
low back pain, B-mode USI can detect features such as decreased muscle thickness and 
reduced capability to thicken muscles during muscle contraction in the low back and for 
monitoring muscle thickness changes in response to prescribed exercise (Costa, Maher, 
Latimer, & Smeets, 2009; Whittaker et al., 2007).  Despite the usefulness of B-mode USI, it 
does not provide a measure of tissue qualities such as changes in tissue stiffness.  Recently 
Chan et al., (2012) investigated the elasticity of multifidus muscles in low back pain patients 
(Chan et al., 2012) using EUS imaging.  The study identified that in low back pain patients 
increased stiffness was evident in multifidus when physiological static loads were introduced 
for spinal stability (Chan et al., 2012).  These findings suggest that non-normal tissue stiffness 
may be a possible aetiological risk factor for soft tissue injury.  This line of enquiry has 
already being explored in EUS studies, and to date the Achilles tendon region has been most 
studied (Klauser et al., 2014).  Several studies have demonstrated that symptomatic Achilles 
tendons correlate with regions of ‘softer’ tissue elasticity and asymptomatic individuals with 
regions of ‘higher’ soft tissue stiffness (T De Zordo et al., 2010; Tobias De Zordo, Fink, et 
al., 2009).  This finding suggests that identification of elasticity characteristics might be 
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useful for indicating preliminary signs of possible disorders such as tendinopathies and that 
EUS may potentially be able to help in detecting these findings (Tobias De Zordo, Fink, et al., 
2009).  While elastography ultrasound imaging has gained credibility in diagnostics in the 
areas of liver fibrosis and cancer detection in the breast tissue (D. Cosgrove et al., 2013), 
elastography is also emerging as a tool applicable in rehabilitative medicine.  However 
currently there is only limited research investigating the validity and reliability of EUS in 
rehabilitative medicine applications (Whittaker et al., 2007).  To date most studies have only 
been preliminary in nature including case studies that highlight the potential of EUS under 
RUSI.  For example, a recently published case study by Luomala et al., (2014) shows that 
changes in crural fascia after manual therapy intervention with the use of EUS (Luomala, 
Pihlman, Heiskanen, & Stecco, 2014). (Costa et al., 2009).  In order to establish the 
validity of findings in clinical studies investigating the clinical application of EUS in 
therapeutic musculoskeletal environments, studies of reliability need to be conducted. 
The reliability of EUS has been investigated outside of RUSI. 
 
The lower limb is the site of multiple soft-tissue injuries especially relating to sports and 
overuse (Yeung, 2001).  Furthermore, people with these injuries commonly present to manual 
therapists for treatment and rehabilitation (Järvinen, Järvinen, Kääriäinen, Kalimo, & 
Järvinen, 2005).  Many of these manual therapy treatments (eg massage and other soft-tissue 
techniques) target the perceived condition of the soft-tissues at the site of injury.  For example 
treatment of myofascial pain syndrome regularly comprises the application of ‘myofascial 
release’ techniques to reduce perceived myofascial tension (Ichikawa, Takei, Usa, Mitomo, & 
Ogawa, 2015).  However, application of these soft tissue techniques are highly dependent on 
subjective testing using palpation.  Ichikawa et al., (2015) is a recent example of a 
preliminary study that aimed to measure changes in tissue stiffness with myofascial release 
treatments applied to the vastus lateralis muscle (Ichikawa et al., 2015).  The study used EUS 
imaging to objectively measure changes from therapeutic interventions as opposed to relying 
on subjective measures such as palpation.  
 
The anterior thigh region is frequently involved in musculoskeletal dysfunctions such as 
stiffness and discomfort which may lead to musculoskeletal injuries where tissue stiffness 
may be a contributing factor (Vigotsky et al., 2015).  The anterior thigh is often targeted using 
manual therapy for the purposes of improving tissue qualities including stiffness.  Recent 
studies using EUS imaging of the anterior thigh region and subsections have been conducted 
where measurements of tissue stiffness have been made (Lacourpaille, Hug, Bouillard, 
Hogrel, & Nordez, 2012; Zhijie, Cw, Wc, & Fu, 2011).  Despite the potential usefulness of 
their findings, these studies are difficult to interpret in the absence of acceptable reliability for 
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EUS measures in the respective regions.  For example, Ichikawa et al. 2015 showed 
favourable results of myofascial release in comparison to thermotherapy on the vastus 
lateralis muscle in the thigh using EUS as the tool for measurement of tissue stiffness changes 
(Ichikawa et al., 2015).  Ichikawa et al., (2015) conclude that myofascial release was more 
effective than thermotherapy in reducing tissue stiffness, however, the results of the study 
should be  interpreted with caution as the reliability and measurement error of EUS detecting 
tissue stiffness in the anterior thigh has not been established (Dommerholt, Layton, Hooks, & 
Grieve, 2015). 
 
Another potential EUS application might be as an objective measure to investigate 
mechanisms of therapeutic interventions such as manual therapy or therapeutic exercise.  To 
reduce stiffness in the anterior thigh, therapeutic exercises such as foam rolling and stretches 
are regularly prescribed.  In clinical settings there is currently a lack of an objective measure 
to test for change in stiffness in the anterior thigh.  Elastography may be an effective and 
objective tool to detect changes that may result from therapeutic techniques.  However, before 
elastography is used in any of these applications there is a need to investigate the reliability of 
elastography measures of soft tissue stiffness in the anterior thigh, and therefore, the study 
reported in this thesis will investigate the inter and intra-rater reliability of ultrasound 
elastography in the anterior thigh region. 
 
This thesis is structured in three sections.  Section 1 is comprised of two parts where the first 
part is Part A, which explores and reviews the background literature relevant to the topic of 
EUS in musculoskeletal applications and Part B which is the systematic critique of reliability 
studies to provide a rationale for a reliability study to be conducted in the anterior thigh 
region with EUS.  Section 2 is a report of a reliability study investigating inter and intra-rater 
reliability of EUS assessment of the anterior thigh which is presented in the form of a journal 
manuscript.  Finally, Section 3 are appendices including ethics documentation in support of 
the thesis. 
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SECTION I – Literature Review 
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Structure of the literature review 
 
The main objective of this literature review is to provide a rationale for the study 
investigating the inter- and intra-rater reliability of tissue stiffness assessment of the anterior 
thigh using elastography techniques (reported in Section 2); and to review methodological 
issues relevant to the study. 
 
Part A of the literature review will begin by providing an overview of tissue stiffness 
concepts.  It will then provide a background into EUS assessment of tissue stiffness in 
medical diagnostic imaging and its emerging role in the musculoskeletal field.  A brief 
section will explain the different types of elastography image analysis with emphasis on the 
colour-hue histogram as this is the method employed in the study.  The review will then be 
followed by the background anatomy of the anterior thigh with emphasis on the anterior thigh 
muscles and fasciae.  In the fascia section a justification for the region of interest will be 
presented. 
 
Finally, in Part B of the literature review a critical appraisal of published reliability studies of 
EUS in the musculoskeletal regions of the lower limb is presented.  These studies were 
selected through a set criteria that will be outlined in this section.  
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Part A:  Background 
 
1.  Definition of tissue stiffness 
 
This section will be a plain language overview of three components of Young’s Modulus as 
stress, elasticity, and strain.  Young’s Modulus, also known as elasticity modulus is an 
equation used to calculate stiffness of materials (see Equation 1).  The equation is elasticity 
(E) = stress (deformation) divided by strain (E=stress / strain) (Drakonaki, Allen, & Wilson, 
2012).  According to Hooke’s Law the relationship between stress and strain is consistently 
linear (Fung, 2013).  Structures that are made of linear components and are isotropic2 in 
nature are subject to this law in relation to stiffness.  For example, a spring is made up of steel 
a linear material that is isotropic.  Biological soft tissue structures, however, are neither made 
up of linear components, nor are they isotropic in nature.  Therefore, it is much more complex 
to calculate stiffness for soft tissue structures.  In addition, soft tissue structures are not 
considered entirely elastic as characteristics such as creep and hysteresis can be present 
(Wells & Liang, 2011).  Therefore soft tissue structures are nonlinear, anisotropic and 
viscoelastic in character (Greenleaf, Fatemi, & Insana, 2003; Ophir et al., 2002).  
Nonetheless, in order to simplify analysis of stiffness, soft tissues are assumed to be linear, 
isotropic, and elastic (Greenleaf et al., 2003; Ophir et al., 2002).  
 
Equation 1: Young’s Modulus adopted from Baumgart, 2000.  
 
1.1   Stress 
 
A physics based definition of stiffness is the “level of rigidity an object has towards load by a 
certain amount of force” (Baumgart, 2000).  In the clinical context, a manual therapy 
practitioner may use the term ‘tissue texture’ to describe the subjective clinical impression of 
the stiffness of tissue structure (e.g. skin and muscle) through palpation and compare the 
tissue with the surrounding structures (Gennisson, Deffieux, Fink, & Tanter, 2013).  Stiffness 
may play a role in identification of abnormal tissue.  For example, a cancerous structure in an 
area may feel ‘denser’ and ‘less elastic’ than the surrounding tissue.  Medical imaging has 
helped define and characterise stiffness more objectively than palpation (Maaß & Kühnapfel, 
1999; Wells & Liang, 2011) by utilising  the equation of stiffness equals ‘load’ (stress) 
divided by ‘deformation’ (strain) (Baumgart, 2000). 
2 A material is described as ‘isotropic’ if it deforms equally in all directions when stress is applied 
(Baumgart, 2000).  
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1.2   Elasticity 
 
Elasticity of a structure is the ability of the structure to reorganize itself after deformation or 
stress (Wells & Liang, 2011).  Different structures have different types of elasticity (Wells & 
Liang, 2011).  Fluid for example can resist a change in volume but not resist change in shape, 
and therefore fluid has the characteristic of volume elasticity (Wells & Liang, 2011).  In 
comparison a solid structure can change in both shape and volume allowing it to possess the 
characteristics of rigidity and shear elasticity (Wells & Liang, 2011).  Assessing the elasticity 
of biological tissues may provide an indication of the quality or condition of tissue.  This 
information may then be useful in determining the appropriate approach to treatment (Muraki 
et al., 2015).  In musculoskeletal medicine, assessment of elasticity of structures such as 
tendons and skeletal muscles may help in assessing the condition of the muscle or tendon, 
which will aid the appropriate protocols for therapeutic intervention.  Emerging research in 
EUS is showing promising results for elasticity measurement of musculoskeletal structures.  
The general conclusion of these studies is that EUS may be an effective tool in supplementing 
clinical practice (Muraki et al., 2015; Park & Kwon, 2011). 
 
1.3   Strain 
 
Strain is defined by Drakonaki et al., (2012) as the “change in the size or shape produced by a 
system of forces” (Drakonaki et al., 2012).  Strain is also defined as the change in length per 
unit length (Wells & Liang, 2011).  Apart from stress, the degree of tissue displacement relies 
on how much strain the tissue has (Wells & Liang, 2011).  The more strain tissue has the less 
displacement is likely to occur and vice versa.  The level of tissue stiffness goes hand in hand 
with the levels of strain and Wells and Liang (2011) state that low tissue strain parallels to 
high tissue stiffness and this is true for the opposite (Wells & Liang, 2011).  Therefore, the 
less strain a structure has the less it is changeable.  The less changeable a structure is, the 
stiffer is the structure.  In EUS imaging the strain of a biological tissue is also referred to as 
the ‘displacement’ (Drakonaki et al., 2012; Park & Kwon, 2011).  Harder biological tissues 
are considered to have lower levels of strain or displacement and softer biological tissues are 
considered to have higher strain or displacement (Park & Kwon, 2011).  .  Strain and 
displacement occurs from compression and the amount of strain produced is dependent on the 
type of tissue that is compressed.   
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2.   Tissue Stiffness Assessment and Imaging 
 
The content in this section will review different methods (palpation, histology, imaging) used 
in assessment of tissue stiffness.  The discussion will then lead to exploring the background of 
elastography ultrasound imaging with an overview of different types of elastography 
methods. 
 
2.1   Palpation 
 
Manual and manipulative therapists commonly use palpation to detect texture variation as a 
sign of dysfunction in soft tissues as it is an easy and cost effective examination method 
(Karadogan, Williams, Howell, & Conatser, 2010).  Confusingly, therapists may clinically 
label these subjective findings as “stiffness” (Huguenin, 2004) – a use of the term outside the 
formal definition of ‘stiffness’ (as outlined above Section 3).  There are several limitations 
inherent in palpation and one of these are problems in discriminating stiffness differences 
between two or more objects (Karadogan et al., 2010).  These limitations are apparent 
between individuals and this may be due to inadequate biofeedback from the receptors 
involved during palpation (Karadogan et al., 2010).  A study on palpation conducted by 
Maher and Adams (1996) concluded that participants who had their vision obstructed judged 
their findings to be ‘stiffer’ while participants assumed that their judgment was entirely based 
on tactile and proprioceptive methods (C. G. Maher & Adams, 1996).  Thus, palpation is 
highly subjective and reliability of practitioners in detection of soft tissue dysfunction using 
palpation is infamously poor (Hsieh et al., 2000).  More objective methods than palpation for 
determining tissue stiffness would be useful to improve the objectivity involved in detecting 
soft tissue dysfunction. 
 
2.2   Histological Assessment 
 
Histological studies help to quantify the amount or characteristic of a particular biological 
component present in the tissue assessed (C. Stecco et al., 2008).  Among musculoskeletal 
soft tissues fascia has attracted research interest around its histology (Benetazzo et al., 2011; 
A Stecco et al., 2009; C. Stecco et al., 2008).  For example, histological studies have shown 
the arrangement of collagen bundles in the deep fascia of the limbs in either parallel or 
intertwined distribution (C. Stecco et al., 2008).  Also, histological assessment of fascia can 
demonstrate the proportion of elastic fibers present in a particular region of the body.  Fascia 
is a structure that authors such as Luomala et al., (2014) have proposed as a possible 
contributor to musculoskeletal tissue stiffness.  For example, Willard et al., (2012) suggests 
low back pain could be associated with thoracolumbar fascia strain hardening which may 
result in overall stiffness of the low back similar to what occurs in frozen shoulder (Willard, 
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Vleeming, Schuenke, Danneels, & Schleip, 2012).  Soft tissue techniques, such as myofascial 
release, are commonly used to reduce perceived tissue stiffness, but to test for tissue stiffness 
histologically before manual therapy intervention is not plausible because of invasiveness and 
cost.  Therefore, EUS is a currently emerging tool for assessing musculoskeletal stiffness, 
particularly fascial stiffness, even though research investigating musculoskeletal tissue 
stiffness is currently preliminary and imaging protocols using EUS are not yet established for 
musculoskeletal tissue assessment.  Nonetheless, some progress in tissue stiffness assessment 
in other regions of the body have been made.  For example, histology is used in assessing 
liver stiffness for fibrosis through testing of histological samples (Ziol et al., 2005). 
Histological findings through invasive biopsies have been compared with transient EUS (Ziol 
et al., 2005).  Histological measurement is regarded as the ‘gold standard’ for liver fibrosis 
testing, however, the comparison of histology measurements with EUS was undertaken to 
determine how reliable EUS was as a non –invasive method of testing liver fibrosis (Ziol et 
al., 2005).  Ziol et al. (2005) findings concluded that EUS is a reliable tool for non-invasive 
assessment of liver fibrosis.  Possible substitution of histological assessment with EUS was 
suggested on the basis that it may eliminate the pain and risk of complications that 
histological biopsies present; also EUS would be a beneficial tool for monitoring liver fibrotic 
changes (Ziol et al., 2005).  Thus, similar to the use of EUS in liver assessment replacing 
histological methods, research on tissues such as fascia stiffness may be assessed via EUS as 
opposed to histological methods which are not practical. 
 
2.3   Imaging 
 
Technological advances in imaging of the elastic properties of biological tissues has led to 
successful assessment of tissue stiffness (Greenleaf et al., 2003).  Various methods have been 
developed which either assess the stiffness of a tissue through quantifiable measurement of 
physical restrictions such as the Young’s modulus, or through qualitative measurement of 
tissue stiffness distribution in the assessed region (Greenleaf et al., 2003).  All methods of 
imaging of tissue elasticity involve methods that stimulate the tissue to detect a tissue 
response for elasticity assessment (Greenleaf et al., 2003).  For example EUS imaging with 
acoustic radiation frequency impulse (ARFI) uses a series of impulses that help stimulate the 
tissues to calculate the level of tissue stiffness (Drakonaki et al., 2012).  The next section will 
elaborate on ultrasound imaging which will lead to the discussion of EUS in the section after. 
 
 
3.   Ultrasonography 
 
Ultrasonography imaging (USI) allows an accessible, non-invasive and cost effective method 
of visualizing body tissues (Whittaker et al., 2007).  An advantage of USI is the ability to 
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assess structures in real time and in-vivo.  Recent exploratory research investigating the role 
of USI with EUS in detection of soft tissue dysfunction has focused on tissue properties 
related to muscle stiffness (Luomala et al., 2014).  Luomala et al., 2014 recently published a 
case study demonstrating that the deep fascia may also contribute to tissue stiffness (Luomala 
et al., 2014). There has been developing interest in using ultrasound in the detection of 
stiffness in the musculoskeletal tissues (Brandenburg et al., 2014), as well as increasing 
interest in the use of EUS in the context of musculoskeletal therapy (Chino, Akagi, Dohi, 
Fukashiro, & Takahashi, 2012).  Recently, multiple EUS studies have investigated various 
musculoskeletal tissues (Brandenburg et al., 2014) including the gastrocnemius muscle 
(Maïsetti, Hug, Bouillard, & Nordez, 2012), masseter muscle (Arda, Ciledag, Aktas, Aribas, 
& Köse, 2011), the muscles of the neck and shoulder girdle regions such as trapezius, levator 
scapulae, and scalene anterior and sternocleidomastoid muscles (Kuo et al., 2013), the rectus 
femoris muscle (Kot, Zhang, Lee, Leung, & Fu, 2012), and tibialis anterior muscle 
(Shinohara, Sabra, Gennisson, Fink, & Tanter, 2010) for example.  Even though EUS is a 
preliminary tool in musculoskeletal research, there is a possibility that in future this tool may 
become an instrument in musculoskeletal medicine, similar to the standard ultrasound. 
 
3.1   Elastography Ultrasound 
 
Elastography imaging in ultrasonography is a relatively recent method allowing evaluation of 
elasticity of tissues of various regions of the body (Garra, 2011).  Also known as ‘elasticity 
imaging’, the primary aim is to detect the density of the underlying tissues (Luomala et al., 
2014).  Elastography uses image processing algorithms that permit objective measurements of 
soft tissue properties (Garra, 2011).  Elastography ultrasound has shown promise for use in 
detecting density changes in tissues of the breast and the liver (D. Cosgrove et al., 2013).  In 
the breast region EUS targets cancerous lesions by imaging their higher stiffness properties 
relative to adjacent normal tissue (D. Cosgrove et al., 2013).  In the liver EUS successfully 
detects changes resulting from fibrosis and cirrhosis of the detects and assesses tissue 
stiffness liver (D. Cosgrove et al., 2013).  However, the application of EUS in the 
musculoskeletal field is still emerging as a measure of tissue density (Chino et al., 2012).  So 
far, preliminary studies in areas such as the Achilles tendon (T De Zordo et al., 2010; Tobias 
De Zordo, Fink, et al., 2009; Drakonaki, Allen, & Wilson, 2009; Lewis, Barrett, & Ryan, 
2013), and the plantar fascia (Lin et al., 2015; Ríos-Díaz et al., 2015) suggest the potential of 
EUS in quantifying tissue stiffness levels.  These advances may lead to EUS having a role in 
early diagnosis in musculoskeletal disorders and assist in rehabilitative aspects of these 
musculoskeletal disorders in the future. 
 
  
18 
 
 
3.2   Elastography Methods  
 
EUS helps to evaluate mechanical tissue properties by application of pressure to the 
underlying tissues and observing the resultant tissue deformation (Chino et al., 2012; 
Gennisson et al., 2013).  The stress is applied through pulses and vibrations generated by the 
EUS transducer that travel through the tissues (Chino et al., 2012).  There are multiple EUS 
techniques that are applicable for tissue stiffness measurement.  The main techniques applied 
in clinical settings are the Strain Method and Shear Wave method (D. Cosgrove et al., 2013; 
Drakonaki et al., 2012).  Two other methods are Acoustic Radiation Force Impulse 
Ultrasound elastography (ARFI), which falls under Strain Method and transient EUS which is 
categorized as a Shear Wave Method (D. Cosgrove et al., 2013; Drakonaki et al., 2012).  The 
next subsections will elaborate on each of the main methods of EUS. 
 
3.2.1   Strain Method 
 
The strain method is the most commonly applied form of EUS (Drakonaki et al., 2012), and 
involves the use of low frequency manual compression of a particular tissue with a hand-held 
USI transducer (Klauser et al., 2014).  The primary concept underlying strain EUS is to cause 
axial deformation of tissues through compression which can then allow a before and after 
comparison of tissue using echo sets (Drakonaki et al., 2012).  The data collected is processed 
and displayed in a colour-coded elastogram where the area of stiffness in the tissue of interest 
is highlighted (Klauser et al., 2014).  Due to the dependency of a manual operator the strain 
method has several limitations including poor repeatability of results, proficiency of the 
operator determining the accuracy and operator bias in data collection (Drakonaki et al., 
2012). 
 
3.2.2   Acoustic Radiation Force Impulse  
 
The acoustic radiation force impulse technique is a subcategory of the strain technique and 
utilizes an ultrasound impulse to internally stimulate the tissues to measure tissue stiffness 
(Drakonaki et al., 2012).  Therefore, the application of pressure on the tissue from an external 
manual method is not needed and reduces operator dependency.  Tissues of lower levels of 
stiffness will experience more deformation from the pulse as opposed to the stiffer tissue 
structures.   After the pulse stimulation and deformation of the tissue the tissue returns to its 
original arrangement (Drakonaki et al., 2012).  The output of ARFI is a coloured and grey-
scaled elastogram.  The ARFI method has the advantage of imaging deeper tissues in 
comparison to methods that rely on external manual use for measurement (Drakonaki et al., 
2012). 
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3.2.3   Shear Wave  
 
The shear wave method operates on different principles to the strain and ARFI method. 
Instead of the pulse technique of generating measurement, ultrasound waves are generated by 
the shear wave method through a transducer in order to stimulate and displace the tissue’s 
mechanical state (Drakonaki et al., 2012; Klauser et al., 2014).  The velocity of the shear 
waves is dependent on the level of tissue stiffness of the region of interest (ROI).  In ‘softer’ 
tissues the waves travel slower, and in ‘stiffer’ tissues the waves travel faster (D. O. Cosgrove 
et al., 2012).  The changes in velocity of the waves are then calculated as they travel through 
tissues of different levels of stiffness (D. O. Cosgrove et al., 2012).  Shear wave allows both a 
qualitative and quantitative measurement.  The quantitative measurement is expressed in units 
of Kilopascals or centimeters per second (Barr, 2014; Drakonaki et al., 2012; Gennisson et 
al., 2013; Klauser et al., 2014), while the qualitative aspect refers to inspection of colour-hue 
histogram.  In comparison to the strain method, shear wave provides a more accurate 
objective measurements due to its lack of tissue compression when scanning. 
 
The transient method is a subset of the shear wave method.  Also known as pulse 
elastography, transient elastography uses short toned vibration in order to stimulate the tissues 
(Klauser et al., 2014).  The main use of the transient method is for the use in examination for 
liver disease (Drakonaki et al., 2012).  This method also provides a quantitative measurement 
(Klauser et al., 2014), however, it is only used in regions where limited depth is needed for 
measurements (Klauser et al., 2014). 
 
3.3   Elastography and musculoskeletal structures   
 
Due to the emerging nature of EUS in the musculoskeletal field there has been a call for 
further research in the different musculoskeletal regions (Gupta, Chowdhury, & Khandelwal, 
2013).  Furthermore, Drakonaki et al., (2012) also suggest that EUS may be more sensitive 
than magnetic resonance imaging (MRI) in detecting subclinical muscle and tendon changes 
thus making the technology potentially valuable for early diagnosis and in rehabilitation 
medicine (Drakonaki et al., 2012).  However, the lack of substantial research across the 
different regions of the body does not currently justify the use of EUS as a standard tool in 
musculoskeletal medicine (Gupta et al., 2013).  In an attempt to fill the research gap various 
preliminary studies have been published in musculoskeletal areas such as tendons, muscles, 
ligaments, and fascia to explore the effectiveness of EUS (Klauser et al., 2014).  The 
following sections will elaborate on EUS studies published in these musculoskeletal 
structures with examples of preliminary studies relating to the respective musculoskeletal 
structures.  
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3.3.1   Tendons 
 
The Achilles tendon has been the most regularly used musculoskeletal structure in the study 
of EUS (Drakonaki et al., 2012) .  Two studies using EUS in assessing Achilles tendon 
correlated symptomatic and asymptomatic participants with ‘soft’ and ‘hard’ areas found in 
the region (T De Zordo et al., 2010; Tobias De Zordo, Fink, et al., 2009).  In one study the 
asymptomatic (normal) tendons showed images with predominantly ‘hard’ areas in 86 to 93% 
of the cases, encompassing only minor ‘soft’ areas in 7 to 12 % of the cases, and 0 to 1.3% 
with very noticeable soft regions in the rest of the cases (T De Zordo et al., 2010; Tobias De 
Zordo, Fink, et al., 2009).  In symptomatic cases, however, 57% included noticeable soft 
regions, with 11% with minor soft regions and no soft regions in 32% in the remaining cases 
(T De Zordo et al., 2010; Tobias De Zordo, Fink, et al., 2009).  De Zordo et al. (2009) 
suggests EUS can be effective in early diagnosis of Achilles tendinopathies through detection 
of soft regions (Tobias De Zordo, Fink, et al., 2009).  From this information physical therapy 
and exercise intervention administration may be implemented earlier with the aim of reducing 
the likelihood of early onset of Achilles tendinopathies.  Other tendinous regions where EUS 
studies have been undertaken include lateral epicondylitis (Tobias De Zordo, Lill, et al., 
2009), patellar tendinopathy (Berko, Mehta, Levin, & Schulz, 2015), and rotator cuff 
tendinopathy (Hatta et al., 2015).  These studies also show the potential of EUS as a tool for 
detection of early signs of musculoskeletal dysfunction, thus further supporting the 
involvement of EUS in musculoskeletal medicine.  Tobias De Zordo, Lill, et al., (2009)  
reports findings similar to Achilles tendinopathies and ‘soft’ regions in the tendons.  The 
study correlated findings of participants with lateral epicondylitis showing predominantly 
more ‘soft area’ in the tendon region than ‘hard’ areas (Tobias De Zordo, Lill, et al., 2009).  
Predominently more ‘hard’ areas were evident in healthy volunteers with EUS imaging 
(Tobias De Zordo, Lill, et al., 2009).  Tobias De Zordo, Lill, et al., (2009) states that EUS is 
an effective tool for detecting intratendinous and pretendinous changes in people with lateral 
epicondylitis.  Tobias De Zordo, Lill, et al., (2009) also state that EUS is also an effective tool 
in distinguishing healthy individuals from symptomatic individuals with lateral epicondylitis 
(Tobias De Zordo, Lill, et al., 2009). 
 
3.3.2   Muscles 
 
Similar to applications of EUS in the study of tendons, various preliminary studies using EUS 
have also been completed in skeletal muscles.  Muscle stiffness has been correlated with 
muscle dysfunctions such as myofascial trigger points and muscle pain (Turo et al., 2013).  A 
recent example is a study aimed at quantifying the neck muscle stiffness in the normal 
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population using EUS (Kuo, Jian, Wang, & Wang, 2013).  Kuo et al., (2013) used ARFI and 
shear wave EUS methods for data collection (Kuo et al., 2013).  The muscles scanned were 
the trapezius, levator scapulae, and scalene anterior and sternocleidomastoid.  Kuo et al., 
(2013) found that participants who exhibited chronic neck pain symptoms had higher stiffness 
of their trapezius muscles (Kuo et al., 2013).  Overall the study validated that EUS technology 
is a feasible tool for muscle stiffness quantification of the neck (Kuo et al., 2013).  Studies 
such as this are important for the development of EUS in musculoskeletal medicine because 
manual therapists regularly target muscle dysfunction and there are few objectives methods 
available to quantify dysfunction.  Kuo et al., (2013) showed the increase in stiffness in neck 
muscles as a probable contributor to neck pain (Kuo et al., 2013).  In clinical settings EUS 
can potentially be used as a monitoring tool for treatment of muscle stiffness using manual 
therapy and other interventions.  For example, Maher et al., (2015) examined the effects of 
dry needling in myofascial trigger points located in the upper trapezius muscle using EUS as 
a measurement tool and compared it with physical findings before and after the intervention 
without a control group (R. M. Maher, Hayes, & Shinohara, 2013).  The study showed that 
the measurement from shear wave EUS shows changes in tissue properties of myofascial 
trigger points resulting from dry needling intervention.  
 
3.3.3   Ligaments  
 
Preliminary studies have explored the distribution of strain on the anterior cruciate ligament 
(ACL) and its bone insertions with EUS (Klauser et al., 2014; Konofagou, Spalazzi, & Lu, 
2005; Spalazzi, Gallina, Fung-Kee-Fung, Konofagou, & Lu, 2006).  The ACL ligament is one 
of the primary stabilizers of the tibiofemoral joints and it is also the ligament most susceptible 
to injury (Neuman et al., 2008; Spalazzi et al., 2006).  The primary aim of these studies was 
to test the feasibility of EUS in monitoring strain distribution on the ACL ligament and the 
insertion.  The studies suggest that at the tibial insertion of the ACL both compressive and 
tensile type strain were present when loading was placed on the knee joint (Klauser et al., 
2014).  USI imaging is often used in identifying the ACL injury site and monitoring the 
healing of surgical grafts.  However, standard USI is unable to analyze the elastic properties.  
The studies suggest that EUS may provide valuable insight to the distribution of strain in 
ACL grafts (Klauser et al., 2014; Konofagou et al., 2005; Spalazzi et al., 2006).  Additionally, 
the application of EUS could be used to track the healing phase of ACL grafts after 
reconstruction (Klauser et al., 2014; Spalazzi et al., 2006).  Spalazzi et al., (2006) concluded 
that EUS provided a more accurate analysis of the elastic properties of ACL in comparison to 
USI thus making it a viable tool in musculoskeletal rehabilitation (Spalazzi et al., 2006).  
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3.3.4   Fascia 
 
Fascia is a tissue of clinical interest in musculoskeletal field that has been targeted for 
research using elastography ultrasound.  The plantar fascia is the most common fascial 
structure to be studied with EUS (Sconfienza, Orlandi, Cimmino, & Silvestri, 2011; C.-H. 
Wu, Chang, Mio, Chen, & Wang, 2011), and is a structure that is easily accessed by EUS and 
also a structure that is the cause of common issues such as heel pain and plantar fasciitis (C.-
H. Wu et al., 2011).  Analysis using EUS show “soft” plantar fascia present in people with 
plantar fasciitis in comparison to participants with no plantar fasciitis (Sconfienza et al., 
2011).  Fascial tissue such as plantar fascia has been hypothesized to be directly or indirectly 
related to musculoskeletal pain and dysfunction (Kwong & Findley, 2014).  Other common 
complaints correlated to fascial dysfunction described in the literature include headaches 
(Davidoff, 1998), fibromyalgia (Schleip, 2003), and chronic exertional compartment 
syndrome (Dahl, Hansen, Stål, Edmundsson, & Magnusson, 2011).  However, few studies 
have been done to support the claims of a relationship between fascia and these 
musculoskeletal complaints.  Tobias De Zordo, Lill, et al., (2009) studied patients with lateral 
epicondylitis in comparison to healthy volunteers using EUS (Tobias De Zordo, Lill, et al., 
2009), and found that the surrounding fascia of the common extensor tendon was involved in 
people with lateral epicondylitis and no involvment of fascia in healthy patients (Tobias De 
Zordo, Lill, et al., 2009).  Although the findings were described by the authors as preliminary, 
they do provide an insight into possible correlating factors which may be benefical for 
detecting fasical dysfunction issues before pathology develops.  Therefore, EUS may help in 
improving understanding of the role of fascia in musculoskeletal issues. 
 
 
4   Analysis of Elastography Ultrasound Imaging 
 
4.1   Qualitative 
 
Qualitative elastography is reliant on the deformation of tissue through compression induced 
by the operator on the transducer (Iglesias-Garcia, Lindkvist, Lariño-Noia, & Domínguez-
Muñoz, 2012).  This allows depiction of tissue stiffness using a colour map displayed on the 
B-mode image (Iglesias-Garcia et al., 2012).  In the colour range displayed in the elastogram, 
different colours represent regions of different stiffness.  In EUS imaging, dark blue is most 
often used to indicate tissue with ‘high stiffness’, ‘medium stiff’ tissue in cyan, ‘intermediate 
stiff’ tissue as green, ‘medium stiff tissue’ as yellow, and ‘soft’ tissue shown as red (Iglesias-
Garcia et al., 2012).  Two images side by side are normally present in elastography, with the 
conventional B-mode image placed on the left for reference and the elastography image on 
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the right (Iglesias-Garcia et al., 2012).  This enables the operator to locate the ROI using the 
B-mode image while assessing the stiffness characteristics of the ROI.  The advantage of 
qualitative elastography is that it allows visualisation of differences in tissue stiffness in a 
particular ROI.  This provides the ability to visually assess and monitor a region for changes 
with treatment or progression of an identified area of dysfunction.  The disadvantage of 
relying on qualitative elastography is the inability to measure and quantify the stiffness of a 
region with specific calculated result.  This leaves room for colour-hue histograms to be more 
subjective in interpretation of the images (Alhabshi et al., 2013).  Another disadvantage of 
relying on qualitative elastography is leaving room for operator biases which may confound 
results. 
 
4.2   Quantitative 
 
The advantage of quantitative elastography is that it is more objective form of assessment in 
comparison to qualitative elastography (Alhabshi et al., 2013).  The two methods in 
quantitative EUS are the strain ratio and the colour-hue histogram (Iglesias-Garcia et al., 
2012).  Most elastography scanners provide both qualitative imaging alongside quantitative 
measurements. 
 
4.2.1   Strain Ratio 
 
The strain ratio is calculated by targeting the stiffness region in relation to its surrounding 
structures in the ROI (Hirooka et al., 2009; Iglesias-Garcia et al., 2012).  The strain ratio is 
dependent on the qualitative EUS data from the image (Iglesias-Garcia et al., 2012).  The 
assumption is that the stiffness or hardness of the underlying tissue is the same among 
individuals (Hirooka et al., 2009).  Strain ratio was introduced to make elastogram 
interpretation less subjective (Drakonaki et al., 2012; Havre, Waage, Gilja, Ødegaard, & 
Nesje, 2011).  Strain ratio is described as semi quantitative because the precise compression 
force used is not known and also there is an assumption that equal pressure is applied to both 
areas measured (Havre et al., 2011). 
 
4.2.2   Colour-Hue Histogram 
 
The colour-hue histogram is the colour distribution of the image region and is displayed in a 
graphical form (see Figure 1 example).  Similar to the strain ratio, the colour-hue histogram is 
dependent on the qualitative elastography data from the ROI or subsection of the image 
(Iglesias-Garcia et al., 2012).  The x-axis represents the stiffness from 0 being “hardest” and 
255 being the “softest” tissue region (Iglesias-Garcia et al., 2012).  The colour-hue histogram 
calculates a mean value (within the 0 to 255 range) for the selected region in the image to 
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represent the mean tissue stiffness (Iglesias-Garcia et al., 2012).  Not all ultrasound imaging 
machines with the elastography software provide a strain ratio or a colour-hue histogram in 
order to calculate a value.  Thus, a method of manually using the qualitative elastography data 
to calculate a value is needed in this type of USI machines.  Digital imaging software 
applications are commonly used for research purposes.  ImageJ is a public image processing 
and analysis software developed at the National Institute of Mental Health (Abramoff, 
Magalhães, & Ram, 2004) which is accessible online with no cost (Xiang, Zhu, Wang, & Li, 
2013).  The ImageJ program has gained popularity in the biology and medical field due to its 
effective adaptability, high proficiency and its simplicity in operation (Xiang et al., 2013), 
and has been used for analysis of elastogram images in previous studies (Benetazzo et al., 
2011; Berko et al., 2015; Iglesias-Garcia et al., 2012; Ríos-Díaz et al., 2015).  
 
 
 
Figure 1: The above image, reproduced from (Sãftoiu, Săftoui, Gheonea, & Ciurea, 2007), is 
an image of right liver lobe.  The bottom right corner displays the colour-hue histogram.  The 
x axis represents the pixels from 0-255 (256 pixels in total) and the y axis represents the 
number of pixels in each ROI stiffness levels (Iglesias-Garcia et al., 2012). 
 
 
5.   Anatomy of the Anterior Thigh  
 
This section will give a brief overview of the muscles of the anterior thigh with emphasis on 
the anatomy, function, and dysfunction of the quadriceps muscle group.  The section will 
discuss the definition, function and discussion of the fascia, with emphasis on the fascia lata 
as this is the ROI for this study.  
X 
Y 
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5.1   Anterior Compartment Muscles of the Thigh 
 
The muscles of the anterior thigh are the vastus intermedius (VI), vastus lateralis (VL), vastus 
medialis (VM), rectus femoris (RF), and sartorius (Tank & Grant, 2012).  The entire 
compartment is enveloped by the fascia lata (Amir et al., 2000).  The main muscles of the 
quadriceps group are the VL, VI, VM (Sattler et al., 2014), and arguably also the RF (Ilan, 
Tejwani, Keschner, & Leibman, 2003).  The VL, VI and the VM muscles originate from the 
femur and insert into the tibial tuberosity via the patella tendon (Sattler et al., 2014).  There is 
debate whether the (RF) is part of the quadriceps muscle group because some texts argue that 
the RF is it attached above the hip joint at the inferior iliac spine and accommodates both the 
hip and knee joint in movement (Sattler et al., 2014).  The VI muscle lies inferior to the RF 
muscle.  The VI originates in the anterior mid region of the femur and attaches distally at the 
superior aspect of the patella.  The VL is anterior and lateral in relation to the VI.  It 
originates from the region distal to the greater trochanter and the linea aspera and attaches to 
the superolateral border of the patella by a long tendinous structure.  The VM is anterior and 
medial in relation to the VI.  The muscle originates from the region below the lesser 
trochanter and inserts in to the superomedial border of the patella.  In figure 2, a cross 
sectional ultrasound image gives an illustration of the quadriceps muscles.  The quadriceps 
tendon is formed by the merging of the individual quadriceps muscle tendons 3 centimeters 
above the superior border of the patella (Ilan et al., 2003). 
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Figure 2: Reproduced from (Shrikrishna et al., 2012).  The image is an ultrasound gray-scale 
B-mode cross-section of the quadriceps muscles with the subcutaneous tissue superior and the 
femur bone inferior.  This image helps to visualize the positions of the quadriceps muscles in 
relation to each other and surrounding tissue.  The image also shows the visualization of the 
region in a USI imaging anatomical perspective.  
 
 
5.2   Function of Quadriceps Muscles 
 
The quadriceps muscle group is the primary extender of the knee joint and is involved in daily 
activities by straightening the legs during gait and activities such as climbing stairs (Sattler et 
al., 2014).  The muscle group is also involved in lateral rotation of the leg and hip flexion 
(Ogawa, Mitsukawa, Bemben, & Abe, 2012).  The quadriceps also assist in strength related 
activities such as getting up and standing, and in the stability and control of the center of 
gravity of patients while rising up from sitting in a chair (Moxley Scarborough, Krebs, & 
Harris, 1999).  The muscle group is a major stabilizer of the knee joint and the patella during 
weight bearing movements (Powers, 2010).  Multiple studies show that weak quadriceps 
correlate to poor performance of these activities(Moxley Scarborough et al., 1999). 
 
The vastus medialis is involved in stability of the patella-femoral joint by pulling the patella 
medially due to its attachment (Sattler et al., 2014).  This allows the VM to prevent lateral 
subluxation of the patella in relation to the trochlear of the groove of the knee (Sattler et al., 
2014).  The VM and VL are suggested to be antagonists in femur rotation in relation to the 
tibia (Sattler et al., 2014).  It has also been suggested that these two muscles are associated in 
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stability of the knee in rotational movements which ultimately results in prevention of injury 
(Sattler et al., 2014).  Vastus Medialis activity significantly increases during medial and 
lateral knee movements, thus assisting in stability of the knee in these movement (Toumi et 
al., 2007).  Hence, Toumi et al., (2007) considers VM more than just a muscle which only 
assists in knee extension and maintains patellar positioning (Toumi et al., 2007).  
 
5.3   Stiffness and Dysfunction of the Anterior Thigh Muscles 
 
The anterior thigh, specifically the quadriceps muscle group, is a common site for sport 
related injuries (Järvinen et al., 2005; Kary, 2010).  Common quadriceps muscle injuries are 
strain and contusion (Kary, 2010).  Characteristics of muscular dysfunction are stiffness and 
hardness which may both contribute to injury aetiology (Mueller-Wohlfahrt et al., 2013).  
Mueller-Wohlfahrt et al., (2013) states increased stiffness is a predispoing factor to muscular 
injuries (Mueller-Wohlfahrt et al., 2013).  Like most muscular groups quadriceps dysfunction 
may be due to trauma, overuse, disuse, congenital deformation and aging (Bahr, 2003).  
Research suggests the stiffness and hardening of a muscle is related to high levels of collagen 
and connective tissue deposition amongst the muscle fibres.  Importantly, high levels of 
quadriceps muscle stiffness may predispose to lower limb injuries (Butler, Crowell, & Davis, 
2003).  Loss of range of motion in a joint and increase in passive muscular tension are two 
examples of muscular dysfunctions which can be a result of increased stiffness (Eriksson 
Crommert, Lacourpaille, Heales, Tucker, & Hug, 2015).  Witvrouw et al., (2003) found, that 
in healthy professional soccer players, the hamstrings, quadriceps, adductors, and the calf 
muscles, the quadriceps and the hamstrings were the most susceptible to injuries if there was 
reduction in flexibility due to increased muscle stiffness (Witvrouw, Danneels, Asselman, 
D’Have, & Cambier, 2003).  Quadriceps tightness is also considered a risk factor to injuries 
of hamstrings as well due to tension imbalance between the muscle group (Heiderscheit, 
Sherry, Silder, Chumanov, & Thelen, 2010).  Manual therapists regularly target muscle 
stiffness through interventions such as massage therapy for goals for improving performance, 
recovery of muscle, and for injury prevention (Eriksson Crommert et al., 2015). 
 
 
6.   General Fascia Anatomy and the Fascia Lata Function 
 
Fascia is a connective tissue consisting of collagen and elastin components and has recently 
been defined as “fibrous collagenous tissues which are part of a body wide tensional force 
transmission system” (Schleip, Jäger, & Klingler, 2012).  The fascia system is described as a 
‘tensional network’ which has strong links to musculoskeletal dysfunction (Schleip, Jäger, et 
al., 2012).  The dense fibrous state of the fascia allows it to interconnect muscles, bones and 
organs in a matrix like manner throughout the entire body (Chaudhry et al., 2008).  It is vital 
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to consider fascial tissue as a source of symptoms as these tissues have recently been shown 
to be vascularized and innervated by nerve endings (T. Findley et al., 2012). 
 
The superficial and deep fascia are the main layers of the fascia described by anatomists as 
two separable parts of the fascial system (Benjamin, 2009).  Huijin and Langevin (2009) 
define the superficial fascia as an “enveloping layer directly beneath the skin containing 
dense and areolar connective tissue and fat” (Langevin & Huijing, 2009).  Anatomy 
researchers state that fascia is observed throughout the whole body and that it varies in 
density and thickness in relation to the area of the body, the gender, and the body surface as 
well (C. Stecco, Macchi, Porzionato, Duparc, & De Caro, 2011).  Langevin & Huijing, (2009) 
defines the deep fascia as a “continuous sheet of mostly dense, irregularly arranged 
connective tissue that limits the changes in shape of underlying tissues” (Langevin & Huijing, 
2009).  Findley & Shalwala, (2013) describes deep fascia as ‘cloaking’ all the muscles in the 
body as well as separating these muscles (Findley & Shalwala, 2013).  Fascia in the limbs is 
different from fascia found in the trunk (C. Stecco, V. Macchi, et al., 2011).  The deep fascia 
in the limbs is easily separated from the muscle that it is underlying (C. Stecco, V. Macchi, et 
al., 2011).  The fascia in the trunk, however, is not able to be separated (C. Stecco, V. 
Macchi, et al., 2011).  The separable characteristic of the deep fascia of the limbs allows the 
use of ultrasound imaging to easily visualize and image the ROI for data collection (C. 
Stecco, V. Macchi, et al., 2011). 
 
The fascia lata is the deep fascia that surrounds the thigh in a stocking like manner to support 
the thigh muscle groups (Amir et al., 2000; A. Stecco, Antonio, et al., 2013).  This fascia is 
more evident in the lateral thigh where it forms the iliotibial band (ITB) and is considered a 
tendon for the tensor fascia lata and the gluteus maximus muscles (Benjamin, 2009).  A study 
by C. Stecco et al., (2008) examined 72 specimens of deep fascia tissue from 6 cadavers and 
concluded that the deep fascia of the thigh is thinner in the proximal region and thicker closer 
to the knee (C. Stecco et al., 2008). 
6.1   Stiffness and Dysfunction of Fascia 
 
It has been suggested that the sliding characteristic of the fascia allows proper 
musculoskeletal function the fascia layers and the muscles to move effectively (C. Stecco, 
Stern, et al., 2011).  The fascial system’s capability to slide can be altered by myofascial 
compromise due to factors such as overuse, trauma, disuse, and post-surgical scar formation 
(Barnes, 1997; Schleip, Duerselen, et al., 2012).  Between each layer loose connective tissue 
is evident and the loose connective tissue assists the sliding mechanism between the muscle 
and the belly (Pavan, Stecco, Stern, & Stecco, 2014).  The breakdown of these loose 
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connective tissues can result in myofascial compromise which may be a correlate of 
musculoskeletal dysfunction (Pavan et al., 2014).  A. Stecco et al., (2011) suggests that these 
compromises may lead to adhesions which will alter the distribution of the collagen bundles 
(A. Stecco et al., 2011) and result in the fascia losing its elasticity, resulting in a state of 
tightness (Barnes, 1997).  Myofascial pain is said to be correlated with reduction of the 
sliding amongst the sub-layers of the deep fascia as it results in the activation of 
mechanoreceptors (Antonio Stecco, Gesi, Stecco, & Stern, 2013).  Furthermore, due to the 
thickness in the fascial layer and loss of functional efficacy of the sliding layers, a poor 
quality of movement within the body region has been hypothesized (A. Stecco et al., 2009).  
A study by Schleip, Duerselen, et al., (2012) used in vitro methods to detect where a strain in 
the fascia correlated with increased density and stiffness in the fascial tissue (Schleip, 
Duerselen, et al., 2012).  Having stiffness over a certain threshold may predispose to altering 
the normal function of the body area (Schleip, Duerselen, et al., 2012).  Schleip, Duerselen, et 
al., (2012) suggested the use of EUS for further research in fascia stiffness as elastography is 
currently the only technology available for imaging and quantifying tissue stiffness (Schleip, 
Duerselen, et al., 2012). 
 
7.   Treatment of Anterior thigh stiffness 
 
Manual therapists regularly use techniques such as myofascial release, soft tissue massage 
and muscle stretching to target dysfunctional areas of the musculoskeletal system (Eriksson 
Crommert et al., 2015).  The aim of these techniques is to alter tissue state such as scar tissue, 
reduction in adhesions and improve gliding surfaces of fascial tissues (Simmonds, Miller, & 
Gemmell, 2012).  Manual therapists commonly utilise these techniques to target anterior thigh 
and associated joint dysfunctions such as stiffness and pain, and the anterior thigh is a 
common area in the lower limb to present with these dysfunctions (Pollard, Ward, Hoskins, & 
Hardy, 2008). 
 
Pedrelli et al., (2009) tested for the outcomes of patellar tendinopathy with manual therapy 
intervention to the anterior thigh region (Pedrelli, Stecco, & Day, 2009).  The study used 
Fascial Manipulation technique on the anterior thigh to treat patellar tendinopathy (Pedrelli et 
al., 2009).  Fascial Manipulation technique was originally described by Luigi Stecco (L. 
Stecco, 2004).  The theory behind the technique is that repetitive movement in a body region 
may result in muscular fascia “densification” which affects the activation of the muscle 
(Pedrelli et al., 2009).  Thus, removing the “densification” may help restore the abnormal 
muscle contraction (Pedrelli et al., 2009).  The study used the fascial point which belongs to a 
fascial map of a total of one hundred marked points developed by Stecco.  The technique 
30 
 
developed over 30 years through the experiences of Stecco with study and practice.  The 
method focuses on the the deep fascial layers  in muscular regions around the body(L. Stecco, 
2004).  L Stecco et al., (2004) describes the technque to target specific localised regions of  
‘dysfunctional’ fascia and relate it to a a specifc movement pattern that is limited. By 
targeting this point the aim is to restore the limited movement pattern (L. Stecco, 2004).  The 
fascial point of the anterior thigh is located halfway in the thigh region medial to the VL and 
medial to the RF muscle and directly superior to the VI muscle (Pedrelli et al., 2009).  L. 
Stecco (2004) states that when a fascial manipulation point is compromised (increased 
stiffness) this may result in dysfunction of movement of the muscle region resulting in pain 
and stiffness(L. Stecco, 2004).    L. Stecco, (2004) suggests that the localized pressure 
restores fascial sliding and helps achieve balanced tension in the fascia and the restoration of 
muscle function of the targeted region. (L. Stecco, 2004) 
 
Case studies such as Luomala et al., (2014) used Fascial Manipulation technique on points in 
the calf and hamstring muscle groups regions (Luomala et al., 2014).  Luomala et al., (2014) 
reports significant changes in tissue densification with the use of EUS to measure the 
densification before and after treatment (Luomala et al., 2014).  Case studies such as these 
claim manual therapy techniques may result in changes in tissue quality.  In Luomala et al. 
(2014) EUS was used as a tool for the regions treated, but no reliability data was shown for 
EUS identifying stiffness changes in these regions.  In studies where a tool to measure change 
is utilised, the reliability of the tool should be established beforehand in order for the results 
of the study to be interpreted.  If Luomala et al., (2014) had established the use of EUS 
imaging in the respective muscular regions, or had used another already established tool for 
measurement, then the results from the study would be more credible.  
 
Another recent study compared the effects of myofascial release and thermotherapy on the 
VL muscle (Ichikawa et al., 2015).  The study used EUS as the tool for measurement of any 
changes and the conclusion stated myofascial release to be more effective than thermotherapy 
on reducing stiffness of the VL muscle.  Similar to Luomala et al (2014), Ichikawa et al 
(2015) did not establish the reliability of EUS for tissue stiffness measurement in the ROI.  
Furthermore, the limitation was not addressed.  In a recent critical overview on myofascial 
pain literature, Dommerholt et al., (2015) highlighted that Ichikawa et al., (2015) had failed to 
address the limitation of not establishing the reliability of EUS for the ROI (Dommerholt et 
al., 2015).  Therefore any findings of myofascial release being effective on VL over 
thermotherapy are easily challenged (Dommerholt et al., 2015).  The anterior thigh is a 
common site for manual therapists to treat.  However, before studies are conducted on manual 
therapy applied to the anterior thigh region such as Ichikawa et al., (2015), or any region, 
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reliable tools for measurement need to be used.  If acceptable EUS reliability can be 
demonstated, it may result in a reliable objective measure of putative tissue changes 
relevant to manual therapy technique – as yet this assumption between manual 
therapy and tissue stiffness changes has not been shown to be a reliable indicator of 
beneficial change. 
 
 
 
Figure 3. Image of the anterior thigh compartment with special interest on the fascial 
manipulation point of the anterior thigh.  Image adapted from (Pedrelli et al., 2009).  The 
fascial manipulation point, as illustrated by the black round dot, is halfway between the ASIS 
and the patella.  The point according to Stecco et al., (2004) is in between the vastus lateralis 
and the rectus femoris muscle and above the vastus intermedius in that halfway region. 
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Part B:  Critical appraisal of studies investigating inter or 
intra-rater reliability of Ultrasound Elastography for Lower 
Limb Musculoskeletal Regions. 
 
 
1.   Introduction 
 
Research studies of reliability and agreement are vital for understanding the errors that 
present in diagnosis, measurement, or scoring (Kottner et al., 2011).  Palpation is a more 
subjective method of assessment of tissue dysfunction compared to methods which allow the 
assessment to produce objective quantifying results.  Amongst clinical practitioners, palpation 
has been shown to have poor reliability in detecting tissue dysfunction.  EUS has been shown 
to be a reliable tool in detection of tissue stiffness in body regions such as the breast and the 
liver regions for cancers and fibrosis (Barr, 2014).  Also, further research can prove an 
association between tissue stiffness detected by palpation and tissue stiffness as 
identified by EUS, and further that the tissue stiffness detected can be shown to have 
a direct correlation with dysfunctional patterns within the musculoskeletal system. 
The aim of this section is to critically appraise reliability studies of EUS use in lower limb 
musculoskeletal regions.  The purpose is to support the justification for more research of 
reliability to be conducted using EUS in the lower limb regions especially of the anterior 
thigh.  
 
 
2.   Methods 
 
 
2.1   Design 
 
A systematic search and critical appraisal of the literature was completed to identify 
reliability studies in relation to ultrasound elastography.   
 
2.2   Search strategy 
 
The key search words were ultrasound, elastography, and reliability.  The databases used 
were Science Direct (including Embase, Scopus, PubMed), and Ebsco host (including 
Academic Search Complete, AMED – Allied and Complementary Medicine Database, 
CINAHL – Cumulative Index of Nursing and Allied Health Literature, Health Source: 
Nursing/Academic Edition, MEDLINE, SPORTDiscus). 
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2.3   Study selection 
 
2.3.1   Screening titles and abstracts and apply eligibility criteria for critical appraisal 
 
Search results were selected for further review when the titles had direct relation to a 
reliability type study involving EUS. Further eligibility criteria (inclusion and exclusion 
criteria) were defined in order to select studies for critical appraisal.  The only inclusion 
criterion was that the ROI needed to be musculoskeletal structure(s) belonging to the lower 
limb region from the hip joint below.  Exclusion criteria: studies where the primary aim was 
to investigate the reliability of EUS for a regions other than the lower limb. 
 
2.3.2   Critical appraisal tool 
 
The Quality Appraisal tool of Reliability Studies (QAREL) was selected as the critical 
appraisal tool.  QAREL is a checklist for appraisal of reliability studies (N. P. Lucas, 
Macaskill, Irwig, & Bogduk, 2010).  With the 11 items checklist, QAREL covers seven key 
areas relating to reliability studies (N. Lucas et al., 2013).  These are representation of the 
participants, representation of examiners, the blinding of the examiners, the order of the 
examination taken, the appropriateness of the time interval between the repeated 
measurements, suitability of the test applied and its interpretation and the suitability of the 
statistical analysis (N. Lucas et al., 2013).  Descriptors of study quality were based on the 
number of satisfactory items using QAREL and were operationally defined as ‘good’ when 
≥50% of applicable items were satisfied, and ‘poor’ when <50% were satisfied. 
 
 
3.   Results 
 
Figure 1 illustrates the selection of studies for critical appraisal.  The papers were selected 
based on the keywords in the title of the papers including the term ‘reliability’ or related (e.g. 
Reproducibility) and ‘elastography’ related keywords. From the three database results a total 
of 44 papers were selected.  Furthermore, duplicates were removed leaving a total of 33 
papers for retrieval of full-text.  From the 33 papers, 19 papers were eliminated after their 
titles and the abstracts did not show a relation to a musculoskeletal region 14 papers in total.  
After inclusion criteria was implemented a further 6 papers were removed and a total of 8 
papers were left.  Lastly the exclusion criteria eliminated 3 more papers leaving a total of five 
studies for appraisal.  The characteristics of the five studies are shown in Table 1.  The 
outcome of QAREL appraisal is displayed in Table 2.  
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Figure 1. PRISMA flow diagram to illustrate search results.
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Table 1. Study characteristics 
 
Study Participant Rater Elastography Type Body Region Reliability 
Type 
Reliability Results 
(Chino et al., 2012) Experiment 1 
Tissue mimicking 
material 
 
Experiment 2 
10 healthy males (age 
25.3 ±4.3 yrs.) 
Experiment 1 
1 rater 
 
Experiment 2 
2 raters 
Real time 
elastography  
 
ultrasound linear 
probe 
Experiment 1 
Tissue mimicking 
material 
 
Experiment 2 
Medial gastrocnemius 
muscle 
Intra-rater 
 
Inter-rater 
Experiment 1 
ICC 0.99 (95% CI, 0.98-1.00) 
 
Experiment 2 
Investigator1: 
ICC 0.89 (95% CI, 0.78-0.95) 
Investigator2:  
ICC 0.77 (95% CI, 0.52-0.89) 
(Drakonaki et al., 
2009) 
25 healthy 
participants 
 
13 male 12 female 
 
 50 Achilles tendons 
 
 
2 musculoskeletal 
radiologists  
Real time 
elastography 
Achilles tendon Inter-rater 
 
Intra-rater 
(0.00-2.0) poor, (0.20-0.40)fair, (0.40-0.75) 
good, (>0.75) excellent 
ICC 
Intra-rater                   Inter-rater 
rater1= Axial (0.43)   rater1= Axial (0.41)  
Longitudinal (0.78)    rater2= Axial (0.45) 
 
rater2= Axial (0.45) 
Longitudinal (0.66) 
No confidence intervals reported 
(Dubois et al., 2015) 10 healthy subjects 
(Age 25.5 ±2.8 yrs.) 
First protocol 
3 operators repeated 
6 times 
 
Second protocol 
2 operators  
Shear Wave 
Elastography 
Biceps femoris (BF) 
Gracilis (GRA), Rectus 
femoris (RF), Sartorius 
(SAR) 
Semimembranosus (SM) 
Semitendinosus(ST) 
Vastus lateralis (VL) 
Vastus medialis(VM 
Gastrocnemius lateralis 
(GL), Soleus (SOL) 
 
Inter-rater 
 
Intra-rater 
ICC:     (95%CI, ranges not reported ) 
First protocol                              
Inter rater:                    Intra rater:  
VM rested= 0.88          VM rested=0.91 
VM stretched= 0.90     VM stretched=0.92  
GL rested= 0.91           GL rested= 0.92 
GL stretched=0.87       GL stretched=0.94 
Second protocol 
No ICC as study assumed first protocol 
established lower limb scanning reliability of 
Shear wave elastography. 
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Study Participant Raters Elastography Type Body Region Reliability 
Type 
Reliability Results 
(Brandenburg et al., 
2015 
N=20 developing 
children 
 
8 boys and 12 girls 
(Age range=2.0 – 
12.6 yrs.) 
 
Recruited from 
community 
Not mention amount 
of examiners 
 
Not clear on the 
experience of 
examiners in field of 
USI only mention 
that trained in 
supersonic shear 
wave imaging 
machine, finding 
muscle fascicles and 
keeping minimal 
transducer pressure 
Supersonic shear 
imaging 
elastography  
Passive muscle stiffness 
of bilateral lateral 
gastrocnemius muscle in 
4 positions 
Intra rater 
 
Not clear 
if inter 
rater tested 
ICC  
95% confidence interval 
Good to excellent reliability in all positions  
(range 0.67 - 0.80) 
(Dorado Cortez et 
al., 2015) 
N=16 
 
7males and 9 females 
 
Mean age 25 ±12 (19-
61 yrs.) 
Two raters: one 
senior and one 
junior radiologist  
Experience 3yrs. 
and 7 yrs. 
respectively  
Blinded in second 
set of data collection  
Shear wave 
elastography  
Tibialis anterior 
Gastrocnemius medialis  
Scanning of 5 sites per 
muscle 
Intra rater  
 
Inter rater 
ICC 
For each site 
Intra rater= longitudinal plane was fair to good 
0.45-0.66 
Transverse plane was poor 0.01-0.37 
 
Inter rater= longitudinal plane was fair to good 
0.045 to 0.076  
Transverse plane was poor to fair 0.01-0.58 
 
For whole muscle 
Intra-operator= 
Longitudinal plane was good 0.69-0.70  
Transverse plane was fair 0.39-0.57 except junior 
operator in tibialis anterior muscle 0.42  
Above is the overview of the 5 EUS reliability research papers 
Notes: N = number of participants; ICC = intraclass coefficient; yrs. = years 
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Table 2. Results of the QAREL Checklist 
 
 
 
 
QAREL 
Studies 
 
1 
 
 
Representative  
Participants? 
 
2 
 
 
Representative 
raters? 
 
3 
 
 
Inter-rater 
blinding? 
 
4 
 
Blinding to 
prior 
findings? 
 
5 
 
Blind 
Reference 
Standard? 
 
6 
 
 
Blind clinical 
information? 
 
7 
 
Blind  
Additional 
cues? 
 
8 
 
 
Varied order 
examination? 
 
9 
 
 
Time 
interval? 
 
10 
 
 
Test application and 
interpretation? 
 
11 
 
Appropriate 
statistical 
measures? 
 
 
  
 
QAREL 
score 
 
 
 
 
              
(Chino et al., 
2012) 
? ? ? ? NA ? ? ? ? Y Y 2/10 ‘poor’ 
(Drakonaki et 
al., 2009) 
 
? Y ? ? NA ? ? ? ? Y Y 3/10 ‘poor’ 
(Dubois et al., 
2015) 
? ? ? ? NA ? ? ? ? Y Y 2/10 ‘poor’ 
(Brandenburg 
et al., 2015) 
 
Y ? ? ? NA ? ? ? ?  Y Y 3/10 ‘poor’ 
(Dorado 
Cortez et al., 
2015) 
? Y ? ? NA ? ? ? N Y Y 3/10 ‘poor’ 
Notes: ? = unclear; N = no; NA = not applicable; Y= yes.  QAREL Item 5 is NA as all participants were asymptomatic and had no target disorder 
 
QAREL Checklist: as defined by Lucas et al (2010) (N. P. Lucas et al., 2010) 
Item 1 – Was the test evaluated in a sample of subjects who were representative of those to whom the authors intended the results to be applied? 
Item 2 – Was the test performed by raters who were representative of those to whom the authors intended the results to be applied? 
Item 3 – Were raters blinded to the findings of other raters during the study? 
Item 4 – Were raters blinded to their own prior findings of the test under evaluation? 
Item 5 – Were raters blinded to the results of the reference standard for the target disorder (or variable) being evaluated? 
Item 6 – Were raters blinded to clinical information that was not intended to be provided as part of the testing procedure or study design? 
Item 7 – Were raters blinded to additional cues that were not part of the test? 
Item 8 – Was the order of examination varied? 
Item 9 – Was the time interval between repeated measurements compatible with the stability (or theoretical stability) of the variable being measured? 
Item10 – Was the test applied correctly and interpreted appropriately? 
Item11 – Were appropriate statistical measures of agreement used? 
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4.   Discussion 
 
The five studies show an overall poor quality of reliability studies.  All the studies were given unclear for 
insufficient information on Items 3,4,6,7, and 8.  For Items 3 and 4 Dorado Cortez et al., (2015) stated “ a 
second acquistion was performed after three weeks to delay to keep the operators blinded to the initial 
findings.”  Items 3 and 4 are the blinding of raters to their own data and eachother’s data resepctivley.  
However the statement does not provide enough information to know if the operators were blinded to 
their own findings after three weeks or eachother’s or both.  Therefore ‘unclear’ (?) was given to both of 
those Items.  The other studies had no mention of blinding therefore an unclear was assigned. 
 
In Items 1 and 9, only 1 out of 5 studies had either a ‘yes’ (Y) or ‘no’ (N) and the remaining 4 had an 
unclear (?).  For Item 1, only Brandenburg et al., (2015) was given a ‘yes’ and the remaining of the 
studies were given an unclear.  This is because the study gave sufficient information such as the age, 
height, weight,where the participants were recruited (which was from the genreral community), and also 
provided exclusion criteria.  The other studies provided sufficient  information except for where the 
participants were recruited from recruitment (eg convenience sample) and any inclusion/exclusion 
critieria.  For Item 9, Dorado Cortez et al., (2015) was the only study that does was not assigned as 
unclear.  The study was given a ‘no’ because it stated the time interval for the repeated meaurments to be 
3 weeks long.  Three weeks is probably too long for repated measures as the skeletal muscle stiffness of 
the gastrocnemius and tibialis anterior of the participants may be subject to change, possibly through 
physical activity or inactivity (Yanagisawa, Niitsu, Kurihara, & Fukubayashi, 2011). 
 
Item 2 has 2 out of the 5 studies scoring as a ‘yes’.  This is because the studies Dorado Cortez et al., 
(2015) and Drakonaki et al., (2009) clearly described the backgrounds of the raters in ultrasound imaging 
experience.  Dorado Cortez et al., (2015) were very clear in the description by stating the backgounds and 
experience of the raters (ie one senior and one junior radiologist with experience 7 and 3 years 
respectively).  Drakonaki et al., (2009) only mentioned the raters as musculoskeletal radiologists.  
However, benefit of the doubt was given as that information strongly implies that the raters had 
experience in imaging the ROI as they were musculoskeltal radiologists. 
 
All the studies were given a ‘yes’ for Items 10 and 11.  For Item 10 all studies were given a ‘yes’ as clear 
description of the process of  the application and interpretation of the test was given.  For Item 11 all 
studies used intra correlation coefficient (ICC) to assess the aggreement of intra and inter rater 
measurements.  However, one study, Drakonaki et al., (2009) failed to report confidence intervals which 
are important in being able to interpret the precision of the result. 
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There were some studies that lowered the quality of their research in areas that are not covered in the 
QAREL criteria.  For example, Dorado Cortez et al., (2015) described their repeated measurements as 
“removing and replacing the probe three times from each site” (Dorado Cortez et al., 2015).  Earlier in the 
study a protocol for finding the ROI interest was described which is: 
 
“The central reference point was located at the junction between the upper third and lower 
two-thirds, lateral and medial sites were positioned one centimeter inside the edges of the 
muscle.  Upper and lower sites were placed 2.5 centimeters above and below the central 
site” (Dorado Cortez et al., 2015). 
 
The earlier statement implies that once the ROI was found the probe was simply removed and replaced 
without repeating the protocol of finding the ROI for each repeated measurement.  This may confound the 
reliability estimates which may not be a true representation of the reliablity of raters if the full protocol 
was followed for each repeated measurement.  
 
The five studies overall were ‘poor’ in quality when critiqued by using the QAREL standards.  
Importantly, one of the key reasons for poor quality across all five papers is due to the poor standard of 
reporting the different components vital to justify a high quality reliability study.  A more detailed quality 
reporting of the papers may have led to a higher QAREL scoring of some of the papers.  Some of the 
areas where ‘yes’ was given, received some benefit of the doubt.  Other areas where quality scores could 
have easily been gained are Items 1, 2, 3, and 4 where very poor reporting contributed to lower overall 
QAREL scores.  Items 1,2,3, and 4 report representative participants, representative raters, inter-rater 
blinding, and raters blinding to prior findings respectively.  Chino et al., (2012 and Dubois et al., (2015) 
fail to report all the first four items.  Drakonaki et al., (2009) and Dorado Cortez et al., (2015) fail report 
on items 1,3 and 4.  However, they reported on item 2.  Brandenburg et al., (2015) failed to report items 
2,3,4 but did report on item 1. 
 
Limited numbers of studies where the primary aim was investigating the reliability for EUS use in 
musculoskeletal regions of the lower limb regions have been completed   Furthermore very limited 
studies have explored the reliability of EUS in scanning and measuring tissue stiffness in the anterior 
thigh region.  To date, only one study has performed inter- and intra-reliability type study of the anterior 
thigh.  The study has not been published by the author and has only been presented at the 13th Congress of 
World Congress of the World Federation for Ultrasound in Medicine and Biology.  The study recruited 11 
participants with two examiners.  The structures scanned were vastus lateralis, vastus medialis, and the 
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rectus femoris in the anterior thigh.  The biceps femoris in the posterior thigh was also scanned.  The 
study reported ‘good’ inter rater reliability and ‘moderate to good’ reliability of intra rater reliability.  The 
published conference summary of the study does not supply enough content to be able to do a full 
QAREL criteria critique.  Only one study above scanned one of the areas of the anterior thigh.  This study 
is Dubois et al., (2015) which scanned the vastus medialis muscle.  The study scored high in relability for 
intra and inter rater.  However the quality of the study overall was ‘poor’. 
5.   Conclusion 
 
Currently there are no systematic reviews on reliability studies for elastography of lower limb 
musculoskeletal regions.  The primary aim of this section was to inform the rationale for more research 
using EUS in the lower limb musculoskeletal regions such as the anterior thigh.  The main finding is the 
generally poor quality of the reliability studies, complicated by poor reporting of the methods in many of 
the reviewed studies.  Overall, the critique of these papers strongly suggests that higher quality studies of 
reliability of the lower limb region are needed.  Furthermore, the lack of reliability studies in the anterior 
thigh region also suggest a need for high quality relibility studies in the anterior thigh using EUS 
technology. 
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Rationale for proposed study 
 
The current limited evidence for the reliability of EUS in the musculoskeletal field can be addressed with 
inter and intra rater reliability studies.  Inter and intra rater reliability studies have helped to establish 
multiple protocols that quantify findings in the field of musculoskeletal medicine.  For example the use of 
the standard ultrasound imaging for diagnostic of musculoskeletal complaints in the shoulder is widely 
used due to the high reliability displayed in studies.  Similar to USI, EUS may have utility in 
rehabilitative medicine if appropriate evidence for satisfactory reliability in measuring musculoskeletal 
stiffness is available.  If there is a demand to use EUS in the lower limbs then there is a need for more 
studies to be conducted to help establish the reliability of EUS in the musculoskeletal field and 
particularly in the regions of the lower limb.  Section 2 of this thesis will report the preliminary 
investigation of the inter- and intra-rater reliability study of the EUS of the anterior thigh region. 
 
  
42 
 
References 
Abramoff, M. D., Magalhães, P. J., & Ram, S. J. (2004). Image processing with ImageJ. Biophotonics 
International. http://www.photonics.com/. 
Alhabshi, S. M. I., Rahmat, K., Abdul Halim, N., Aziz, S., Radhika, S., Gan, G. C., … Muhammad, R. 
(2013). Semi-quantitative and qualitative assessment of breast ultrasound elastography in 
differentiating between malignant and benign lesions. Ultrasound in Medicine & Biology, 39(4), 
568–78. doi:10.1016/j.ultrasmedbio.2012.10.016 
Amir, A., Gur, E., Gatot, A., Zucker, G., Cohen, J. T., & Fliss, D. M. (2000). Fascia lata sheaths harvest 
revisited. Operative Techniques in Otolaryngology-Head and Neck Surgery, 11(4), 304–306. 
doi:10.1053/otot.2000.20980 
Arda, K., Ciledag, N., Aktas, E., Aribas, B. K., & Köse, K. (2011). Quantitative assessment of normal 
soft-tissue elasticity using shear-wave ultrasound elastography. AJR. American Journal of 
Roentgenology, 197(3), 532–6. doi:10.2214/AJR.10.5449 
Bahr, R. (2003). Risk factors for sports injuries -- a methodological approach. British Journal of Sports 
Medicine, 37(5), 384–392. doi:10.1136/bjsm.37.5.384 
Barnes, M. F. (1997). The basic science of myofascial release: morphologic change in connective tissue. 
Journal of Bodywork and Movement Therapies, 1(4), 231–238. doi:10.1016/S1360-8592(97)80051-
4 
Barr, R. G. (2014). Elastography in clinical practice. Radiologic Clinics of North America, 52(6), 1145–
62. doi:10.1016/j.rcl.2014.07.002 
Baumgart, E. (2000). Stiffness--an unknown world of mechanical science? Injury, 31 Suppl 2, S–B14–23. 
Benetazzo, L., Bizzego, A., De Caro, R., Frigo, G., Guidolin, D., & Stecco, C. (2011). 3D reconstruction 
of the crural and thoracolumbar fasciae. Surgical and Radiologic Anatomy : SRA, 33(10), 855–62. 
doi:10.1007/s00276-010-0757-7 
Benjamin, M. (2009). The fascia of the limbs and back--a review. Journal of Anatomy, 214(1), 1–18. 
doi:10.1111/j.1469-7580.2008.01011.x 
Berko, N. S., Mehta, A. K., Levin, T. L., & Schulz, J. F. (2015). Effect of knee position on the ultrasound 
elastography appearance of the patellar tendon. Clinical Radiology, 70(10), 1083–6. 
doi:10.1016/j.crad.2015.06.100 
Brandenburg, J. E., Eby, S. F., Song, P., Zhao, H., Brault, J. S., Chen, S., & An, K.-N. (2014). Ultrasound 
Elastography: The New Frontier in Direct Measurement of Muscle Stiffness. Archives of Physical 
Medicine and Rehabilitation, 95(11), 2207–2219. doi:10.1016/j.apmr.2014.07.007 
Brandenburg, J. E., Eby, S. F., Song, P., Zhao, H., Landry, B. W., Kingsley-Berg, S., … An, K.-N. 
(2015). Feasibility and reliability of quantifying passive muscle stiffness in young children by using 
shear wave ultrasound elastography. Journal of Ultrasound in Medicine : Official Journal of the 
American Institute of Ultrasound in Medicine, 34(4), 663–70. doi:10.7863/ultra.34.4.663 
Butler, R. J., Crowell, H. P., & Davis, I. M. (2003). Lower extremity stiffness: implications for 
performance and injury. Clinical Biomechanics, 18(6), 511–517. doi:10.1016/S0268-
0033(03)00071-8 
Cantisani, V., Lodise, P., Grazhdani, H., Mancuso, E., Maggini, E., Di Rocco, G., … Catalano, C. (2014). 
Ultrasound elastography in the evaluation of thyroid pathology. Current status. European Journal of 
Radiology, 83(3), 420–8. doi:10.1016/j.ejrad.2013.05.008 
Chan, S.-T., Fung, P.-K., Ng, N.-Y., Ngan, T.-L., Chong, M.-Y., Tang, C.-N., … Zheng, Y.-P. (2012). 
43 
 
Dynamic changes of elasticity, cross-sectional area, and fat infiltration of multifidus at different 
postures in men with chronic low back pain. The Spine Journal : Official Journal of the North 
American Spine Society, 12(5), 381–8. doi:10.1016/j.spinee.2011.12.004 
Chaudhry, H., Schleip, R., Ji, Z., Bukiet, B., Maney, M., & Findley, T. (2008). Three-dimensional 
mathematical model for deformation of human fasciae in manual therapy. The Journal of the 
American Osteopathic Association, 108, 379–390. 
Chino, K., Akagi, R., Dohi, M., Fukashiro, S., & Takahashi, H. (2012). Reliability and validity of 
quantifying absolute muscle hardness using ultrasound elastography. PloS One, 7(9), e45764. 
doi:10.1371/journal.pone.0045764 
Correas, J. M., Drakonakis, E., Isidori, A. M., Hélénon, O., Pozza, C., Cantisani, V., … D’ambrosio, F. 
(2013). Update on ultrasound elastography: miscellanea. Prostate, testicle, musculo-skeletal. 
European Journal of Radiology, 82(11), 1904–12. doi:10.1016/j.ejrad.2013.05.031 
Cosgrove, D. O., Berg, W. A., Doré, C. J., Skyba, D. M., Henry, J.-P., Gay, J., & Cohen-Bacrie, C. 
(2012). Shear wave elastography for breast masses is highly reproducible. European Radiology, 
22(5), 1023–32. doi:10.1007/s00330-011-2340-y 
Cosgrove, D., Piscaglia, F., Bamber, J., Bojunga, J., Correas, J.-M., Gilja, O. H., … Dietrich, C. F. 
(2013). EFSUMB guidelines and recommendations on the clinical use of ultrasound elastography. 
Part 2: Clinical applications. Ultraschall in Der Medizin (Stuttgart, Germany : 1980), 34(3), 238–53. 
doi:10.1055/s-0033-1335375 
Costa, L. O. P., Maher, C. G., Latimer, J., & Smeets, R. J. E. M. (2009). Reproducibility of rehabilitative 
ultrasound imaging for the measurement of abdominal muscle activity: a systematic review. 
Physical Therapy, 89(8), 756–69. doi:10.2522/ptj.20080331 
Dahl, M., Hansen, P., Stål, P., Edmundsson, D., & Magnusson, S. P. (2011). Stiffness and thickness of 
fascia do not explain chronic exertional compartment syndrome. Clinical Orthopaedics and Related 
Research, 469(12), 3495–3500. doi:10.1007/s11999-011-2073-x 
Davidoff, R. A. (1998). Trigger points and myofascial pain: toward understanding how they affect 
headaches. Cephalalgia : An International Journal of Headache, 18(7), 436–48. 
De Zordo, T., Chhem, R., Smekal, V., Feuchtner, G., Reindl, M., Fink, C., … Klauser, A. S. (2010). Real-
time sonoelastography: findings in patients with symptomatic achilles tendons and comparison to 
healthy volunteers. Ultraschall in Der Medizin (Stuttgart, Germany : 1980), 31(4), 394–400. 
doi:10.1055/s-0028-1109809 
De Zordo, T., Fink, C., Feuchtner, G. M., Smekal, V., Reindl, M., & Klauser, A. S. (2009). Real-time 
sonoelastography findings in healthy Achilles tendons. AJR. American Journal of Roentgenology, 
193(2), W134–8. doi:10.2214/AJR.08.1843 
De Zordo, T., Lill, S. R., Fink, C., Feuchtner, G. M., Jaschke, W., Bellmann-Weiler, R., & Klauser, A. S. 
(2009). Real-time sonoelastography of lateral epicondylitis: comparison of findings between patients 
and healthy volunteers. AJR. American Journal of Roentgenology, 193(1), 180–5. 
doi:10.2214/AJR.08.2020 
Dommerholt, J., Layton, M., Hooks, T., & Grieve, R. (2015). A critical overview of current myofascial 
pain literature – March 2015. Journal of Bodywork and Movement Therapies, 19(2), 337–349. 
doi:10.1016/j.jbmt.2015.01.003 
Dorado Cortez, C., Hermitte, L., Ramain, A., Mesmann, C., Lefort, T., & Pialat, J. B. (2015). Ultrasound 
shear wave velocity in skeletal muscle: A reproducibility study. Diagnostic and Interventional 
Imaging. doi:10.1016/j.diii.2015.05.010 
44 
 
Drakonaki, E. E., Allen, G. M., & Wilson, D. J. (2009). Real-time ultrasound elastography of the normal 
Achilles tendon: reproducibility and pattern description. Clinical Radiology, 64(12), 1196–202. 
doi:10.1016/j.crad.2009.08.006 
Drakonaki, E. E., Allen, G. M., & Wilson, D. J. (2012). Ultrasound elastography for musculoskeletal 
applications. The British Journal of Radiology, 85(1019), 1435–45. doi:10.1259/bjr/93042867 
Dubois, G., Kheireddine, W., Vergari, C., Bonneau, D., Thoreux, P., Rouch, P., … Skalli, W. (2015). 
Reliable Protocol for Shear Wave Elastography of Lower Limb Muscles at Rest and During Passive 
Stretching. Ultrasound in Medicine & Biology, 41(9), 2284–91. 
doi:10.1016/j.ultrasmedbio.2015.04.020 
Eriksson Crommert, M., Lacourpaille, L., Heales, L. J., Tucker, K., & Hug, F. (2015). Massage induces 
an immediate, albeit short-term, reduction in muscle stiffness. Scandinavian Journal of Medicine & 
Science in Sports, 25(5), e490–6. doi:10.1111/sms.12341 
Fascia lata: Merely a thigh stocking, or a coordinator of complex thigh muscular activity? (2008). Journal 
of Bodywork and Movement Therapies, 12(3), 265. doi:10.1016/j.jbmt.2008.04.016 
Findley, T. W., & Shalwala, M. (2013). Fascia Research Congress evidence from the 100 year perspective 
of Andrew Taylor Still. Journal of Bodywork and Movement Therapies, 17(3), 356–64. 
doi:10.1016/j.jbmt.2013.05.015 
Fung, Y. C. (2013). Biomechanics: Mechanical Properties of Living Tissues. Springer Science & 
Business Media. 
Garra, B. S. (2011). Elastography: current status, future prospects, and making it work for you. 
Ultrasound Quarterly, 27(3), 177–86. doi:10.1097/RUQ.0b013e31822a2138 
Gennisson, J.-L., Deffieux, T., Fink, M., & Tanter, M. (2013). Ultrasound elastography: principles and 
techniques. Diagnostic and Interventional Imaging, 94(5), 487–95. doi:10.1016/j.diii.2013.01.022 
Greenleaf, J. F., Fatemi, M., & Insana, M. (2003). Selected methods for imaging elastic properties of 
biological tissues. Annual Review of Biomedical Engineering, 5, 57–78. 
doi:10.1146/annurev.bioeng.5.040202.121623 
Gupta, A. K., Chowdhury, V., & Khandelwal, N. (2013). Diagnostic Radiology: Recent Advances and 
Applied Physics in Imaging. JP Medical Ltd. 
Hatta, T., Giambini, H., Uehara, K., Okamoto, S., Chen, S., Sperling, J. W., … An, K.-N. (2015). 
Quantitative assessment of rotator cuff muscle elasticity: Reliability and feasibility of shear wave 
elastography. Journal of Biomechanics. doi:10.1016/j.jbiomech.2015.09.038 
Havre, R., Waage, J., Gilja, O., Ødegaard, S., & Nesje, L. (2011). Real-Time Elastography: Strain Ratio 
Measurements Are Influenced by the Position of the Reference Area. Ultraschall in Der Medizin - 
European Journal of Ultrasound. doi:10.1055/s-0031-1273247 
Heiderscheit, B. C., Sherry, M. A., Silder, A., Chumanov, E. S., & Thelen, D. G. (2010). Hamstring strain 
injuries: recommendations for diagnosis, rehabilitation, and injury prevention. The Journal of 
Orthopaedic and Sports Physical Therapy, 40(2), 67–81. doi:10.2519/jospt.2010.3047 
Hirooka, Y., Itoh, A., Kawashima, H., Ohno, E., Ishikawa, T., Matsubara, H., … Goto, H. (2009). 
Diagnosis of pancreatic disorders using contrast-enhanced endoscopic ultrasonography and 
endoscopic elastography. Clinical Gastroenterology and Hepatology : The Official Clinical Practice 
Journal of the American Gastroenterological Association, 7(11 Suppl), S63–7. 
doi:10.1016/j.cgh.2009.08.025 
Hsieh, C.-Y. J., Hong, C.-Z., Adams, A. H., Platt, K. J., Danielson, C. D., Hoehler, F. K., & Tobis, J. S. 
(2000). Interexaminer reliability of the palpation of trigger points in the trunk and lower limb 
45 
 
muscles. Archives of Physical Medicine and Rehabilitation, 81(3), 258–264. doi:10.1016/S0003-
9993(00)90068-6 
Huguenin, L. K. (2004). Myofascial trigger points: the current evidence. Physical Therapy in Sport, 5(1), 
2–12. doi:10.1016/j.ptsp.2003.11.002 
Ichikawa, K., Takei, H., Usa, H., Mitomo, S., & Ogawa, D. (2015). Comparative analysis of ultrasound 
changes in the vastus lateralis muscle following myofascial release and thermotherapy: a pilot study. 
Journal of Bodywork and Movement Therapies, 19(2), 327–36. doi:10.1016/j.jbmt.2014.11.018 
Iglesias-Garcia, J., Lindkvist, B., Lariño-Noia, J., & Domínguez-Muñoz, J. E. (2012). Endoscopic 
ultrasound elastography. Endoscopic Ultrasound, 1(1), 8–16. doi:10.7178/eus.01.003 
Ilan, D. I., Tejwani, N., Keschner, M., & Leibman, M. (2003). Quadriceps tendon rupture. The Journal of 
the American Academy of Orthopaedic Surgeons, 11(3), 192–200. 
Järvinen, T. A. H., Järvinen, T. L. N., Kääriäinen, M., Kalimo, H., & Järvinen, M. (2005). Muscle 
injuries: biology and treatment. The American Journal of Sports Medicine, 33(5), 745–64. 
doi:10.1177/0363546505274714 
Karadogan, E., Williams, R. L., Howell, J. N., & Conatser, R. R. (2010). A stiffness discrimination 
experiment including analysis of palpation forces and velocities. Simulation in Healthcare : Journal 
of the Society for Simulation in Healthcare, 5(5), 279–88. doi:10.1097/SIH.0b013e3181e9e783 
Kary, J. M. (2010). Diagnosis and management of quadriceps strains and contusions. Current Reviews in 
Musculoskeletal Medicine, 3(1-4), 26–31. doi:10.1007/s12178-010-9064-5 
Klauser, A. S., Miyamoto, H., Bellmann-Weiler, R., Feuchtner, G. M., Wick, M. C., & Jaschke, W. R. 
(2014). Sonoelastography: musculoskeletal applications. Radiology, 272(3), 622–33. 
doi:10.1148/radiol.14121765 
Konofagou, E., Spalazzi, J., & Lu, H. (2005). Elastographic Imaging of the Strain Distribution at the 
Anterior Cruciate Ligament and ACL-Bone Insertions. Conference Proceedings : ... Annual 
International Conference of the IEEE Engineering in Medicine and Biology Society. IEEE 
Engineering in Medicine and Biology Society. Annual Conference, 1, 972–5. 
doi:10.1109/IEMBS.2005.1616579 
Kot, B. C. W., Zhang, Z. J., Lee, A. W. C., Leung, V. Y. F., & Fu, S. N. (2012). Elastic modulus of 
muscle and tendon with shear wave ultrasound elastography: variations with different technical 
settings. PloS One, 7(8), e44348. doi:10.1371/journal.pone.0044348 
Kottner, J., Audige, L., Brorson, S., Donner, A., Gajewski, B. J., Hróbjartsson, A., … Streiner, D. L. 
(2011). Guidelines for Reporting Reliability and Agreement Studies (GRRAS) were proposed. 
International Journal of Nursing Studies, 48(6), 661–71. doi:10.1016/j.ijnurstu.2011.01.016 
Kuo, W.-H., Jian, D.-W., Wang, T.-G., & Wang, Y.-C. (2013). Neck Muscle Stiffness Quantified by 
Sonoelastography is Correlated with Body Mass Index and Chronic Neck Pain Symptoms. 
Ultrasound in Medicine & Biology, 39(8), 1356–1361. doi:10.1016/j.ultrasmedbio.2012.11.015 
Kwong, E. H., & Findley, T. W. (2014). Fascia--Current knowledge and future directions in physiatry: 
narrative review. Journal of Rehabilitation Research and Development, 51(6), 875–84. 
doi:10.1682/JRRD.2013.10.0220 
Lacourpaille, L., Hug, F., Bouillard, K., Hogrel, J.-Y., & Nordez, A. (2012). Supersonic shear imaging 
provides a reliable measurement of resting muscle shear elastic modulus. Physiological 
Measurement, 33(3), N19–28. doi:10.1088/0967-3334/33/3/N19 
Langevin, H. M., & Huijing, P. A. (2009). Communicating about fascia: history, pitfalls, and 
recommendations. International Journal of Therapeutic Massage & Bodywork, 2(4), 3–8. 
46 
 
Lewis, D., Barrett, R., & Ryan, M. (2013). Reliability of in vivo human Achilles tendon stiffness assessed 
using acoustoelastography. Journal of Science and Medicine in Sport, 16, e87–e88. 
doi:10.1016/j.jsams.2013.10.211 
Licciardone, J. C., Nelson, K. E., Glonek, T., Sleszynski, S. L., & Cruser,  des A. (2005). Osteopathic 
Manipulative Treatment of Somatic Dysfunction Among Patients in the Family Practice Clinic 
Setting: A Retrospective Analysis. The Journal of the American Osteopathic Association, 105(12), 
537–544. doi:10.7556/jaoa.2005.105.12.537 
Lin, C.-Y., Lin, C.-C., Chou, Y.-C., Chen, P.-Y., & Wang, C.-L. (2015). Heel Pad Stiffness in Plantar 
Heel Pain by Shear Wave Elastography. Ultrasound in Medicine & Biology, 41(11), 2890–8. 
doi:10.1016/j.ultrasmedbio.2015.07.004 
Lucas, N., Macaskill, P., Irwig, L., Moran, R., Rickards, L., Turner, R., & Bogduk, N. (2013). The 
reliability of a quality appraisal tool for studies of diagnostic reliability (QAREL). BMC Medical 
Research Methodology, 13(1), 111. doi:10.1186/1471-2288-13-111 
Lucas, N. P., Macaskill, P., Irwig, L., & Bogduk, N. (2010). The development of a quality appraisal tool 
for studies of diagnostic reliability (QAREL). Journal of Clinical Epidemiology, 63(8), 854–61. 
doi:10.1016/j.jclinepi.2009.10.002 
Luomala, T., Pihlman, M., Heiskanen, J., & Stecco, C. (2014). Case study: could ultrasound and 
elastography visualized densified areas inside the deep fascia? Journal of Bodywork and Movement 
Therapies, 18(3), 462–8. doi:10.1016/j.jbmt.2013.11.020 
Maaß, H., & Kühnapfel, U. (1999). Noninvasive measurement of elastic properties of living tissue. 13th 
Int. Congress on Comp. Assisted  
Maher, C. G., & Adams, R. D. (1996). Stiffness judgments are affected by visual occlusion. Journal of 
Manipulative and Physiological Therapeutics, 19(4), 250–6. 
Maher, R. M., Hayes, D. M., & Shinohara, M. (2013). Quantification of dry needling and posture effects 
on myofascial trigger points using ultrasound shear-wave elastography. Archives of Physical 
Medicine and Rehabilitation, 94(11), 2146–50. doi:10.1016/j.apmr.2013.04.021 
Maïsetti, O., Hug, F., Bouillard, K., & Nordez, A. (2012). Characterization of passive elastic properties of 
the human medial gastrocnemius muscle belly using supersonic shear imaging. Journal of 
Biomechanics, 45(6), 978–84. doi:10.1016/j.jbiomech.2012.01.009 
Moxley Scarborough, D., Krebs, D. E., & Harris, B. A. (1999). Quadriceps muscle strength and dynamic 
stability in elderly persons. Gait & Posture, 10(1), 10–20. doi:10.1016/S0966-6362(99)00018-1 
Mueller-Wohlfahrt, H.-W., Haensel, L., Mithoefer, K., Ekstrand, J., English, B., McNally, S., … 
Ueblacker, P. (2013). Terminology and classification of muscle injuries in sport: the Munich 
consensus statement. British Journal of Sports Medicine, 47(6), 342–50. doi:10.1136/bjsports-2012-
091448 
Muraki, T., Ishikawa, H., Morise, S., Yamamoto, N., Sano, H., Itoi, E., & Izumi, S. (2015). Ultrasound 
elastography-based assessment of the elasticity of the supraspinatus muscle and tendon during 
muscle contraction. Journal of Shoulder and Elbow Surgery / American Shoulder and Elbow 
Surgeons ... [et Al.], 24(1), 120–6. doi:10.1016/j.jse.2014.04.012 
Neuman, P., Englund, M., Kostogiannis, I., Fridén, T., Roos, H., & Dahlberg, L. E. (2008). Prevalence of 
tibiofemoral osteoarthritis 15 years after nonoperative treatment of anterior cruciate ligament injury: 
a prospective cohort study. The American Journal of Sports Medicine, 36(9), 1717–25. 
doi:10.1177/0363546508316770 
Ogawa, M., Mitsukawa, N., Bemben, M. G., & Abe, T. (2012). Ultrasound assessment of adductor 
47 
 
muscle size using muscle thickness of the thigh. Journal of Sport Rehabilitation, 21(3), 244–8.  
Ophir, J., Alam, S. K., Garra, B. S., Kallel, F., Konofagou, E. E., Krouskop, T., … Varghese, T. (2002). 
Elastography: Imaging the elastic properties of soft tissues with ultrasound. Journal of Medical 
Ultrasonics, 29(4), 155–171. doi:10.1007/BF02480847 
Park, G.-Y., & Kwon, D. R. (2011). Application of real-time sonoelastography in musculoskeletal 
diseases related to physical medicine and rehabilitation. American Journal of Physical Medicine & 
Rehabilitation / Association of Academic Physiatrists, 90(11), 875–86. 
doi:10.1097/PHM.0b013e31821a6f8d 
Parsons, J., & Marcer, N. (2006). Osteopathy: Models for Diagnosis, Treatment and Practice. Elsevier 
Health Sciences. 
Paulet, T., & Fryer, G. (2009). Inter-examiner reliability of palpation for tissue texture abnormality in the 
thoracic paraspinal region. International Journal of Osteopathic Medicine, 12(3), 92–96. 
doi:10.1016/j.ijosm.2008.07.001 
Pavan, P. G., Stecco, A., Stern, R., & Stecco, C. (2014). Painful connections: Densification versus 
fibrosis of fascia. Current Pain and Headache Reports, 18(8). doi:10.1007/s11916-014-0441-4 
Pedrelli, A., Stecco, C., & Day, J. A. (2009). Treating patellar tendinopathy with Fascial Manipulation. 
Journal of Bodywork and Movement Therapies, 13(1), 73–80. doi:10.1016/j.jbmt.2008.06.002 
Pollard, H., Ward, G., Hoskins, W., & Hardy, K. (2008). The effect of a manual therapy knee protocol on 
osteoarthritic knee pain: a randomised controlled trial. The Journal of the Canadian Chiropractic 
Association, 52(4), 229–42. 
Powers, C. M. (2010). The influence of abnormal hip mechanics on knee injury: a biomechanical 
perspective. The Journal of Orthopaedic and Sports Physical Therapy, 40(2), 42–51. 
doi:10.2519/jospt.2010.3337 
Ríos-Díaz, J., Martínez-Payá, J. J., del Baño-Aledo, M. E., de Groot-Ferrando, A., Botía-Castillo, P., & 
Fernández-Rodríguez, D. (2015). Sonoelastography of Plantar Fascia: Reproducibility and Pattern 
Description in Healthy Subjects and Symptomatic Subjects. Ultrasound in Medicine & Biology, 
41(10), 2605–13. doi:10.1016/j.ultrasmedbio.2015.05.024 
Sãftoiu, A., Săftoui, A., Gheonea, D. I., & Ciurea, T. (2007). Hue histogram analysis of real-time 
elastography images for noninvasive assessment of liver fibrosis. AJR. American Journal of 
Roentgenology, 189(4), W232–3. doi:10.2214/AJR.07.2571 
Sattler, M., Dannhauer, T., Ring-Dimitriou, S., Sänger, A. M., Wirth, W., Hudelmaier, M., & Eckstein, F. 
(2014). Relative distribution of quadriceps head anatomical cross-sectional areas and volumes--
sensitivity to pain and to training intervention. Annals of Anatomy = Anatomischer Anzeiger : 
Official Organ of the Anatomische Gesellschaft, 196(6), 464–70. doi:10.1016/j.aanat.2014.07.005 
Schleip, R. (2003). Fascial plasticity – a new neurobiological explanation Part 2. Journal of Bodywork 
and Movement Therapies, 7(2), 104–116. doi:10.1016/S1360-8592(02)00076-1 
Schleip, R., Duerselen, L., Vleeming, A., Naylor, I. L., Lehmann-Horn, F., Zorn, A., … Klingler, W. 
(2012). Strain hardening of fascia: Static stretching of dense fibrous connective tissues can induce a 
temporary stiffness increase accompanied by enhanced matrix hydration. Journal of Bodywork and 
Movement Therapies, 16(1), 94–100. doi:10.1016/j.jbmt.2011.09.003 
Schleip, R., Jäger, H., & Klingler, W. (2012). What is “fascia”? A review of different nomenclatures. 
Journal of Bodywork and Movement Therapies, 16(4), 496–502. doi:10.1016/j.jbmt.2012.08.001 
Schneebeli, A., Egloff, M., Giampietro, A., Clijsen, R., & Barbero, M. (2014). Rehabilitative ultrasound 
imaging of the supraspinatus muscle: Intra- and interrater reliability of thickness and cross-sectional 
48 
 
area. Journal of Bodywork and Movement Therapies, 18(2), 266–272. 
doi:10.1016/j.jbmt.2013.09.009 
Sconfienza, L. M., Orlandi, D., Cimmino, M. A., & Silvestri, E. (2011). A few considerations on 
“sonoelastography of the plantar fascia”. Radiology, 261(3), 995–6. doi:10.1148/radiol.11111255 
Shinohara, M., Sabra, K., Gennisson, J.-L., Fink, M., & Tanter, M. (2010). Real-time visualization of 
muscle stiffness distribution with ultrasound shear wave imaging during muscle contraction. Muscle 
& Nerve, 42(3), 438–41. doi:10.1002/mus.21723 
Shrikrishna, D., Patel, M., Tanner, R. J., Seymour, J. M., Connolly, B. A., Puthucheary, Z. A., … 
Hopkinson, N. S. (2012). Quadriceps wasting and physical inactivity in patients with COPD. The 
European Respiratory Journal, 40(5), 1115–22. doi:10.1183/09031936.00170111 
Simmonds, N., Miller, P., & Gemmell, H. (2012). A theoretical framework for the role of fascia in 
manual therapy. Journal of Bodywork and Movement Therapies, 16(1), 83–93. 
doi:10.1016/j.jbmt.2010.08.001 
Spalazzi, J. P., Gallina, J., Fung-Kee-Fung, S. D., Konofagou, E. E., & Lu, H. H. (2006). Elastographic 
imaging of strain distribution in the anterior cruciate ligament and at the ligament-bone insertions. 
Journal of Orthopaedic Research : Official Publication of the Orthopaedic Research Society, 
24(10), 2001–10. doi:10.1002/jor.20260 
Stecco, A., Antonio, S., Gilliar, W., Wolfgang, G., Hill, R., Robert, H., … Carla, S. (2013). The 
anatomical and functional relation between gluteus maximus and fascia lata. Journal of Bodywork 
and Movement Therapies, 17(4), 512–7. doi:10.1016/j.jbmt.2013.04.004 
Stecco, A., Gesi, M., Stecco, C., & Stern, R. (2013). Fascial components of the myofascial pain 
syndrome. Current Pain and Headache Reports, 17(8), 352. doi:10.1007/s11916-013-0352-9 
Stecco, A., Macchi, V., Masiero, S., Porzionato, A., Tiengo, C., Stecco, C., … De Caro, R. (2009). 
Pectoral and femoral fasciae: common aspects and regional specializations. Surgical and Radiologic 
Anatomy : SRA, 31(1), 35–42. doi:10.1007/s00276-008-0395-5 
Stecco, C., Macchi, V., Porzionato, A., Duparc, F., & De Caro, R. (2011). The fascia: the forgotten 
structure. Italian Journal of Anatomy and Embryology = Archivio Italiano Di Anatomia Ed 
Embriologia, 116(3), 127–38. 
Stecco, C., Porzionato, A., Lancerotto, L., Stecco, A., Macchi, V., Day, J. A., & De Caro, R. (2008). 
Histological study of the deep fasciae of the limbs. Journal of Bodywork and Movement Therapies, 
12(3), 225–30. doi:10.1016/j.jbmt.2008.04.041 
Stecco, C., Stern, R., Porzionato,  a., MacChi, V., Masiero, S., Stecco,  a., & De Caro, R. (2011). 
Hyaluronan within fascia in the etiology of myofascial pain. Surgical and Radiologic Anatomy, 
33(10), 891–896. doi:10.1007/s00276-011-0876-9 
Stecco, L. (2004). Fascial manipulation for muscoloskeletal pain. PICCIN. 
Tank, P. W., & Grant, J. C. B. (2012). Grant’s Dissector. Lippincott Williams & Wilkins. 
Teyhen, D., & Koppenhaver, S. (2011). Rehabilitative ultrasound imaging. Journal of Physiotherapy, 
57(3), 196. doi:10.1016/S1836-9553(11)70044-3 
Toumi, H., Poumarat, G., Benjamin, M., Best, T. M., Best, T., F’Guyer, S., & Fairclough, J. (2007). New 
insights into the function of the vastus medialis with clinical implications. Medicine and Science in 
Sports and Exercise, 39(7), 1153–9. doi:10.1249/01.mss.0b013e31804ec08d 
Turo, D., Otto, P., Gebreab, T., Armstrong, K., Gerber, L. H., & Sikdar, S. (2013). Shear wave 
elastography for characterizing muscle tissue in myofascial pain syndrome. In Proceedings of 
49 
 
Meetings on Acoustics (Vol. 19, pp. 075050–075050). Acoustical Society of America. 
doi:10.1121/1.4800369 
Vigotsky, A. D., Lehman, G. J., Contreras, B., Beardsley, C., Chung, B., & Feser, E. H. (2015). Acute 
effects of anterior thigh foam rolling on hip angle, knee angle, and rectus femoris length in the 
modified Thomas test. PeerJ, 3, e1281. doi:10.7717/peerj.1281 
Wells, P. N. T., & Liang, H.-D. (2011). Medical ultrasound: imaging of soft tissue strain and elasticity. 
Journal of The Royal Society Interface, 8(64), 1521–1549. doi:10.1098/rsif.2011.0054 
Whittaker, J. L., & Stokes, M. (2011). Ultrasound imaging and muscle function. The Journal of 
Orthopaedic and Sports Physical Therapy, 41(8), 572–80. doi:10.2519/jospt.2011.3682 
Whittaker, J. L., Teyhen, D. S., Elliott, J. M., Cook, K., Langevin, H. M., Dahl, H. H., & Stokes, M. 
(2007). Rehabilitative Ultrasound Imaging: Understanding the Technology and Its Applications. 
Journal of Orthopaedic & Sports Physical Therapy. 
Willard, F. H., Vleeming, A., Schuenke, M. D., Danneels, L., & Schleip, R. (2012). The thoracolumbar 
fascia: anatomy, function and clinical considerations. Journal of Anatomy, 221(6), 507–36. 
doi:10.1111/j.1469-7580.2012.01511.x 
Witvrouw, E., Danneels, L., Asselman, P., D’Have, T., & Cambier, D. (2003). Muscle Flexibility as a 
Risk Factor for Developing Muscle Injuries in Male Professional Soccer Players: A Prospective 
Study. Am. J. Sports Med., 31(1), 41–46. 
Wu, C., Chuang, L., Lin, K., Lee, S., & Hong, W. (2011). Responsiveness, minimal detectable change, 
and minimal clinically important difference of the Nottingham Extended Activities of Daily Living 
Scale in patients with improved performance after stroke rehabilitation. Archives of Physical 
Medicine and Rehabilitation, 92(8), 1281–7. doi:10.1016/j.apmr.2011.03.008 
Wu, C.-H., Chang, K.-V., Mio, S., Chen, W.-S., & Wang, T.-G. (2011). Sonoelastography of the plantar 
fascia. Radiology, 259(2), 502–7. doi:10.1148/radiol.11101665 
Xiang, K., Zhu, X. L., Wang, C. X., & Li, B. N. (2013). MREJ: MRE elasticity reconstruction on ImageJ. 
Computers in Biology and Medicine, 43(7), 847–52. doi:10.1016/j.compbiomed.2013.04.005 
Yanagisawa, O., Niitsu, M., Kurihara, T., & Fukubayashi, T. (2011). Evaluation of human muscle 
hardness after dynamic exercise with ultrasound real-time tissue elastography: a feasibility study. 
Clinical Radiology, 66(9), 815–9. doi:10.1016/j.crad.2011.03.012 
Yeung, E. W. (2001). A systematic review of interventions to prevent lower limb soft tissue running 
injuries. British Journal of Sports Medicine, 35(6), 383–389. doi:10.1136/bjsm.35.6.383 
Zhijie, Z., Cw, K., Wc, L., & Fu, S. (2011). ShearWave Ultrasound Elastography of Thigh Muscles: 
Intra- and Inter-Rater Reliability. Ultrasound in Medicine & Biology, 37(8), S141–S142. 
doi:10.1016/j.ultrasmedbio.2011.05.635 
Ziol, M., Handra-Luca, A., Kettaneh, A., Christidis, C., Mal, F., Kazemi, F., … Beaugrand, M. (2005). 
Noninvasive assessment of liver fibrosis by measurement of stiffness in patients with chronic 
hepatitis C. Hepatology (Baltimore, Md.), 41(1), 48–54. doi:10.1002/hep.20506 
 
 
  
50 
 
  
 
 
 
 
 
 
 
SECTION II – Manuscript 
 
 
 
 
 
 
 
 
 
 
 
 
Note:  The manuscript presented in this section is formatted according to the Guidelines for 
Authors for the Journal of Bodywork and Movement Therapies available here: 
http://goo.gl/ug77p4 .  Contrary to these guidelines, the tables and figures are presented within 
the main text for ease of reading.  The referencing style in this manuscript is showing using APA 
6 and although different to the JBMT requirement satisfied Elsevier’s “Your Paper Your Way” 
guideline (see here: https://goo.gl/KBCYuX ) 
  
51 
 
Inter and intra-examiner reliability of ultrasound elastography for 
assessment of the anterior thigh in healthy adults 
 
 
 
 
 
 
 
Author:  
Avish Sharma, BAppSc(HB) 
 
Author affiliation:  
Department of Community & Health Services (Osteopathy) 
Unitec Institute of Technology  
 
Correspondence address:  
Private Bag 92025  
Auckland Mail Centre  
Auckland 1142, NZ  
 
Tel: +64 9 8154321 x8197 
Email: sharmaavish@yahoo.co.nz 
 
  
52 
 
Abstract 
 
Inter and intra-examiner reliability of ultrasound elastography for assessment of anterior thigh 
soft-tissue in healthy adults 
 
Background: To date there are few studies of acceptable methodological quality investigating the 
reliability of elastography ultrasound use in the lower limb.  The aim of the study was to investigate the 
inter and intra-reliability of EUS assessment of anterior thigh soft-tissues.  
Methods: Twelve healthy subjects (9 females, 3 males, mean ± SD age=28.9 ± 5.8 years, height = 169.6 ± 
9.2cm, weight 69.6 ± 13.4kg) were recruited using convenience sampling.  A repeated measures test-
retest design was used to compare EUS measures between (inter) and within (intra) 3 examiners (2 
novices, 1 expert) using acoustic radiation force impulse elastography.  The subjects attended one session 
where each examiner collected measures from each subject two times.  Colour hue histograms were 
derived from elastogram images. 
Results: Extraction reliability for images was excellent with ICC of 0.99 (95% CI= 0.99 – 1.00). The 
intra-examiner reliability was ‘fair to good’ for the experienced examiner and mostly ‘excellent’ for the 
novices.  The inter-examiner reliability ranged between ‘fair to good’ and ‘excellent’. 
Conclusions:  There was acceptable reliability for both inter and intra-examiner reliability for EUS 
assessment of anterior thigh soft-tissue stiffness.  However, the small number of examiners may limit the 
generalisability of these findings. 
 
MeSH Keywords: Ultrasound Imaging; Quadriceps Muscles; acoustic radiation force impulse (ARFI) 
Imaging; Elasticity Imaging Technique; Reliability, Test-Retest, 
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Introduction 
 
Palpation has been utilized for centuries in examining tissue quality in the field of medicine (Wells & 
Liang, 2011).  Increased stiffness of soft-tissue is a biomechanical property that practitioners commonly 
use as a marker for dysfunctional, injured or diseased tissue (Butler et al., 2003).  In manual therapy 
increased tissue stiffness is associated with musculoskeletal complaints such as myofascial pain and 
myofascial trigger points (Sikdar et al., 2009).  Manual therapists often assess the effects of treatment 
through subjective comparisons of tissue texture based on palpation before and after treatment.  However, 
the reliability of tissue texture palpation has been challenged (Hsieh et al., 2000; Paulet & Fryer, 2009), 
and there is a need for more effective and reliable methods of assessing tissue stiffness (Luomala et al., 
2014). 
 
Ultrasound elastography imaging (EUS) is a tool that is becoming popular in musculoskeletal research 
field in recent years (Brandenburg et al., 2014).  EUS provides an objective measure of the stiffness and 
elasticity of a region of tissue and its surrounding structures (Brandenburg et al., 2014).  Currently, EUS 
is a well-established diagnostic tool in general medicine for the breast, liver (Barr, 2014), thyroid and 
prostate (Klauser et al., 2014).  EUS can also play a role in detecting cancers in these organs (Klauser et 
al., 2014).  In musculoskeletal health, EUS may be a useful biofeedback tool for manual therapists to 
monitor the state of tissue stiffness in response to treatment (Whittaker et al., 2007).  
 
Rehabilitative ultrasound imaging (RUSI) is commonly used by physical therapists in the area of 
rehabilitation (Whittaker et al., 2007).  RUSI characterises muscle and other tissue structures via 
brightness mode (B-mode) grey-scale ultrasound imaging (Schneebeli et al., 2014; Whittaker et al., 2007).  
EUS has the potential to become a reliable tool in musculoskeletal medicine (D. Cosgrove et al., 2013) 
and various studies of reliability have been conducted in the regions of the plantar fascia (Ríos-Díaz et al., 
2015), Achilles tendon (Drakonaki et al., 2009) and the muscles of the lower limb (Dorado Cortez et al., 
2015). 
 
An established tool of measurement is vital for testing of data for comprehensible and trusted results.  
Recently, multiple manual therapeutic intervention studies have claimed effectiveness of the interventions 
implemented in the selected musculoskeletal soft tissue regions by using EUS as the tool for measurement 
of the changes before and after protocol.  Elastography Ultrasound was used despite of no studies 
investigating EUS of being a reliable tool for measuring stiffness in the musculoskeletal regions assessed.  
Two examples of these studies are Luomala et al. (2014) and Ichikawa et al., (2015).  Luomala et al. 
(2014) recently published a case study that targeted particular fascial manipulation point regions in the 
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posterior lower limb and the posterior thigh with manual therapy interventions and reported successful 
changes from the manual therapy intervention by assessment through EUS.  Ichikawa et al (2015) 
assessed changes of myofascial release and thermotherapy on the vastus lateralis muscle using EUS 
(Ichikawa et al., 2015).  Ichikawa et al., (2015) also demonstrated clinically favorable changes in terms of 
increased fascial mobility and reduction in tissue stiffness, however, similar to Luomala et al. (2014) the 
reliability of EUS in assessing tissue stiffness in the region of interest (ROI) was not defined (Ichikawa et 
al., 2015).  This suggests that any tissue stiffness measurements from EUS cannot be taken as credible 
results if the reliability of EUS in the region assessed is not established.  
 
Luigi Stecco is the author behind ‘Fascial Manipulation Points’ used in the Luomala et al. (2013) study 
(Luomala et al., 2014; L. Stecco, 2004).  Similarly a fascial manipulation point is also described in the 
anterior thigh region (Pedrelli et al., 2009; L. Stecco, 2004).  The anterior thigh region is a common 
location for application of manual therapy techniques to alter tissue stiffness (Pedrelli et al., 2009).  The 
aim of this study was to investigate the inter- and intra-examiner reliability of rehabilitative ultrasound 
imaging using EUS on the anterior thigh.  
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Methods 
 
 
Design and overview 
 
A repeated measures test-retest design (Figure 1) was undertaken in which examiners of different levels 
of experience (novice or experienced) undertook repeated EUS measures on the same subjects to establish 
inter-examiner and intra-examiner reliability of soft-tissue stiffness of the anterior thigh.  The region of 
interest used was an adaptation of the Fascial Manipulation Point of the anterior thigh as described by 
Stecco (L. Stecco, 2004).  The Quality Appraisal of Reliability Studies (QAREL), was used to inform the 
design of the study (N. P. Lucas et al., 2010). 
 
 
Participants 
 
Two types of participants were involved in the study, defined here as ‘subjects’ and examiner.  
 
Subjects 
 
Due to the exploratory nature of the study a convenience sample was used with sample size based on 
logistics and availability of the scanner rather than a formal a priori power analysis.  Subjects were 
recruited by convenience sampling in response to poster advertising in the local community and word-of-
mouth.  The subjects were required to meet the following eligibility criteria before participating in the 
study.  Inclusion criteria were: Male or female aged between 18 and 65 years.  Exclusion criteria were: 
any previous surgery or major trauma of the anterior thigh (e.g. quadriceps tear), or neurological disorders 
that may alter muscle contractile tone.   
After meeting eligibility criteria, subjects were fully briefed about the study procedures and provided 
written informed consent.  Subjects were scheduled to attend one session of approximately 60 minutes 
duration.  The study procedures were approved by the institutional research ethics committee (UREC 
Approval No.: 2015-1003). 
Examiners 
 
Three examiners (two novices, one experienced) were involved in this study: Two postgraduate students 
of osteopathy were the novice examiners.  The third examiner was an experienced sonographer of 20 
years of experience with a special interest in musculoskeletal imaging.  Both novice examiners undertook 
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6.5 hours of theory and practical introduction to musculoskeletal ultrasound.  Furthermore, an additional 
13 hours were spent by the novice examiners in practice and piloting of the scanning procedures for the 
thigh and calf musculature.  These sessions were used to establish the scanner settings, identify the area of 
interest for scanning, and to estimate the duration of the procedures for study logistics. 
 
 
Procedure 
 
Scanning protocol 
 
The study utilized the 2013 Phillips iU22 ultrasound scanner (Philips Medical Systems, Eindhoven, 
Netherlands).  The manufacturer presets for ‘small parts thyroid’ were used together with a 12-5MHz 
linear array transducer.  Depth was set at 4cm and ‘write zoom’ was utilized to focus on the structures of 
interest with increased resolution.  The focal zone was set to the maximum depth of the ROI.  Caliper 
increments were 0.02mm.  The frequency was set to maximize spatial resolution and the elastography 
mode used was acoustic radiation force impulse ultrasound elastography. 
Each session commenced with the subject lying supine on an examination table with the right anterior 
thigh adjacent to the examiner.  The superior aspect of the patella was first identified as a known 
landmark for scanning with the transducer in the transverse plane.  The transducer was then moved 
superiorly following the quadriceps tendon to identify the vastus lateralis, vastus intermedius, and femur.  
Once these structures were identified the transducer was moved superiorly to visualize the rectus femoris 
muscle at the level of the musculotendinous junction.  The transducer was then turned in a longitudinal 
orientation to identify the subcutaneous tissue, vastus lateralis and vastus intermedius muscles.  The mode 
was then switched from B-mode to ultrasound elastography to capture the image as illustrated in figure 1.  
All images were saved for later image processing and analysis. 
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Figure 1.  The left image is a standard ultrasound B-mode image in longitudinal section illustrating three layers of the ROI where the 
most superficial layer is the thin subcutaneous tissue (Sub), followed by the deeper vastus lateralis (VL) muscle, then the vastus 
intermedius (VI) muscle.  The right image is of the same ROI in ultrasound elastography mode. The colour spectrum represents 
different levels of stiffness in the tissues of ROI.  The dark blue is most often used to indicate tissue with ‘high stiffness’, ‘medium 
stiff’ tissue in cyan, ‘intermediate stiff’ tissue as green, ‘medium stiff tissue’ as yellow, and ‘soft’ tissue shown as red (Iglesias-Garcia 
et al., 2012)
VL 
 
VI 
 
Sub
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Session outline 
 
One session of data collection was scheduled for each subject.  Only one session was used in order to 
avoid any biological variation between measures associated with physical activity altering muscle 
stiffness following increases in the tissue temperature associated with exercise (Yanagisawa et al., 2011). 
Each session had two sets of three scans recorded by each examiner (figure 3).  Alongside this project of 
the anterior thigh, images of the posterior lower limb (calf) of the opposite leg (left) were also obtained 
for another study reported elsewhere (Toledo, 2016).  Each subject started in the prone position for 
obtaining images of a ROI in the calf region.  The subject was then asked to get up from the table and 
then lay supine for scanning of the anterior right thigh.  The first examiner entered the room and applied 
gel (Aquasonic 100, Parker Laboratories Inc.) to the region and obtained three images.  The examiner 
then cleaned the gel off and then stood behind a curtain in the same room.  The second examiner 
preformed the same procedure, followed in turn by the third examiner.  After the third examiner finished, 
the subject was asked to stand and move to the prone position to repeat the scanning process once more 
by following the same order of examiners as previously.  Each examiner used the least amount of pressure 
on the transducer to minimize pressure artifacts and discrepancies in the colour density of images.  
Examiners were blinded to each other’s findings and did not communicate about the procedures during 
data collection.  As there were no measurements provided on the imaging screen each examiner was 
automatically blinded to their own previous measurement. 
 
 
Data Analysis 
 
Data extraction and processing of elastography images  
From each subject, two sets of 3 images were collected by each examiner in one session, therefore, a total 
of 216 images were collected from a sample of 12 subjects.  Each image was captured when the ROI was 
displayed clearly and included the subcutaneous tissue, vastus lateralis, and vastus intermedius. 
To quantify the elastography images a colour hue histogram was constructed (Iglesias-Garcia et al., 2012) 
using image processing software (ImageJ v.1.49) (Abramoff et al., 2004).  The colour-hue histogram 
maps out the qualitative data of elastography for a particular ROI (see Figure 2, panel C).  The global 
stiffness of the layers of the ROI corresponds to the mean value extracted.  The same investigator (A.S.) 
extracted descriptive statistics for colour hue histograms derived for the subcutaneous tissue, vastus 
lateralis, and vastus intermedius of each image (figure 2). 
59 
 
  
 Panel. A      Panel. B 
 
 
 
 
 
 
 
     
                    
                          I.                                         II.                                                            III. 
                                                                                                
 
Figure 2. I.) layer of subcutaneous tissue shaded in panel B. II.)   Layer of vastus medialis, shaded in panel B. III.)   Layer of vastus 
intermedius shaded in panel B.  Three colour hue histograms are also provided with the mean; the subcutaneous the mean is 120.876; 
for the VL subsection the mean is 127.210; VI has a mean of 126.777.  The x-axis is a representation of the stiffness from 0 being the 
‘hardest’ and 255 being the ‘softest’ of the ROI (Iglesias-Garcia et al., 2012).  The y-axis is a representation of the number of pixels 
present in each level of stiffness in the ROI.
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Figure 3. Above is the layout of the sequence of the data collection routine.  The triangle represents the 1st examiner (E1); the square represents the 2nd examiner 
(E2) and the circle represents the 3rd examiner (E3).  The greyed areas represent the scanning of the calf region for a study conducted parallel to the current study 
(Toledo, 2016) for convenience of utilizing the same examiners, subjects, and EUS equipment.  The coloured shapes represent the scanning for the current study.  
The routine begins with the 1st examiner scanning the ROI in the calf while the subject is prone (Measurement 1); the 2nd and 3rd examiners scan the calf region 
afterward; the patient then stands and lays supine.  The 1st examiner is again summoned to scan the ROI in the anterior thigh; the 2nd and 3rd examiners follow 
afterward.  The whole process is repeated again (Measurement 2) for data collection for the intra-examiner reliability with the patient standing and changing 
position to prone.  The intra-examiner reliability is shown above via the dotted orange lines for each examiner.
3 images  
3 images 
E1 
E2 
E3 
E1 
E2 
E3 
E1 
E2 
E3 
E1 
E2 
E3 
3 images 
3 images 
3 images 
3 images 
3 images 
3 images 3 images 
3 images 
3 images 
3 images 
Prone calf region Prone calf region Supine anterior thigh region Supine anterior thigh region 
FINISH 
START 
Measurement 1 Measurement 2 
61 
 
Extraction reliability  
 
In order to ensure that extraction of data was not a major influence on measurement discrepancy and error 
the standard error of measurement (SEM) was calculated to quantify the repeatability of investigator’s 
data extraction of colour hue histograms prior to the main data collection.  A random sample of 10 images 
was selected out of a pool of images from 10 subjects that were used in the study to calculate the standard 
error of measurement.  From each image data was extracted from each layer (subcutaneous tissue, vastus 
lateralis muscle, vastus intermedius muscle).  This was performed 3 times  per layer of each image.  The 
average of three extractions of each layer per image was calculated and recorded.  Lastly, intraclass 
correlation coefficient with a confidence interval of 95% was used to determine the standard error of 
measurement.  The reliability of extracting colour hue histogram measurements from the EUS images 
using ImageJ resulted in an ICC of 0.99 (95% CI= 0.99 – 1.00).  
 
Statistical analysis 
 
The mean (SD) values for each colour hue histogram for each subsection subcutaneous tissue, VL muscle, 
VI muscle) of the ROI was calculated from the three images captured for each subject.  Intraclass 
correlation coefficient (ICC) was used to assess the intra-examiner and inter-examiner reliability.  The 
ICC was based on a two-way random-effects model (ICC 2,1) as each subject was measured by each 
examiner (Hallgren, 2012).  A 95% confidence interval was calculated for each ICC.  The SEM was 
calculated using the formula: SEM = SDpooled * �(1− ICC) (C. Wu, Chuang, Lin, Lee, & Hong, 2011). 
The minimum detectable change (MDC) was estimated using a 95% confidence interval (z = 1.96) using 
the formula: MDC = 1.96 * √2 * SEM. (C. Wu et al., 2011).  Descriptors for ICC estimates were based 
on the scale of magnitudes described by Fleiss, (1986), and defined as ICC ≤0.40 as ‘poor’, 0.40 to 0.75 
as ‘fair to good’, and >0.75 as ‘excellent’.  ICCs and confidence intervals were calculated using SPSS 
(v22, IBM SPSS, Armonk, NY).  
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Results 
 
 
Descriptive Statistics 
 
Twelve subjects (9 females, 3 males) were enrolled in the study.  The mean age of subjects was (mean ± 
SD) 28.9 ± 5.8 years (range 22 - 42 years).  Height ranged from 162 - 187cm with a mean ± SD of 169.6 
±9.2cm.  Weight ranged from 50 - 97 kg, with a mean with a mean ± SD of 69.6 ±13.4 kg. 
 
 
Intra and Inter-examiner Reliability 
 
To demonstrate the intra-examiner reliability of using EUS for measuring tissue stiffness in the anterior 
thigh the averages of the first and second scanning periods were compared.  For intra-examiner 
reliability, the point estimates for reliability across all three tissues were ‘fair to good’ for the experienced 
examiner, and mostly ‘excellent’ for each of the novice examiners (see table 1).  To demonstrate the inter-
examiner reliability of using EUS for measuring tissue stiffness the anterior thigh the averages of each 
examiner was compared amongst each other.  The inter-examiner reliability also resulted in a wide ICC 
also shown in table 1.  For the inter-examiner reliability, the point estimates for the reliability ranged 
from ‘fair to good’ to ‘excellent.
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Table 1. 
Examiner Mean 
Value  
SD ICC(2,1)     Descriptors1 for  
point estimate 
95%CI SEM MDC95 
INTRA        
   Experienced        
      Sub-cut 127.07 4.88 0.57 Fair to good 0.02 to 0.85 2.44 6.77 
      Vastus Lat 130.74 2.33 0.55 Fair to good -0.004 to 0.85 1.54 4.26 
      Vastus Intermed 124.57 5.24 0.75 Fair to good 0.33 to 0.92 2.14 5.93 
        
   Novice1        
      Sub-cut 125.64 3.48 0.87 Excellent 0.61 to 0.96 1.24 3.43 
      Vastus Lat 132.14 2.99 0.79 Excellent 0.41 to 0.93 1.33 3.68 
      Vastus Intermed 125.51 4.03 0.70 Fair to good 0.23 to 0.90 2.29 6.35 
        
   Novice2        
      Sub-cut 124.63 3.70 0.83 Excellent 0.51 to 0.95 1.68 4.65 
      Vastus Lat 133.81 2.88 0.81 Excellent 0.47 to 0.94 1.28 3.55 
      Vastus Intermed 126.02 4.07 0.78 Excellent 0.40 to 0.93 1.91 5.30 
        
INTER        
Experienced vs    
Novice1 
       
      Sub-cut   0.64 Fair to good 0.14 to 0.88   
      Vastus Lat   0.64 Fair to good 0.13 to 0.88   
      Vastus Intermed   0.68 Fair to good 0.20 to 0.90   
        
Experienced vs 
Novice2 
       
      Sub-cut   0.67 Fair to good 0.18 to 0.89   
      Vastus Lat   0.59 Fair to good 0.06 to 0.86   
      Vastus Intermed   0.45 Fair to good -0.14 to 0.80   
        
Novice1 vs Novice2        
      Sub-cut   0.85 Excellent 0.55 to 0.95   
      Vastus Lat   0.58 Fair to good 0.04 to 0.86   
      Vastus Intermed   0.75 Excellent 0.34 to 0.92   
Notes:1 = descriptors adopted from Fleiss (1986) and defined as: ≤0.40 as ‘poor’, 0.40 to 0.75 as ‘fair to good’, and >0.75 as ‘excellent’ (Fleiss, 1986). 
Subcutaneous (sub-cut), Vastus Laterlis (Vastus Lat) Vastus Intermedius (Vastus Intermed).
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Discussion 
 
 
Overview 
 
To date, no previous study has reported reliability of EUS for soft tissue of the anterior thigh, 
although manual therapy interventions, such as Luigi Stecco’s facial manipulation point 
system (L. Stecco, 2004), target the anterior thigh region for the purpose of improving soft 
tissue function, and EUS may be useful in assessing changes in response to these 
interventions.  However, before investigating the response to an intervention, the reliability of 
EUS of the anterior thigh needs to be investigated.  Therefore, the primary aim of the current 
study was to investigate the inter- and intra-examiner reliability of EUS for the anterior thigh.  
Several recent studies have reported EUS measures following therapeutic interventions 
including myofascial release (Ichikawa et al., 2015), fascial manipulation method (Luomala et 
al., 2014), and dry-needling (R. M. Maher et al., 2013).  However, the reliability of EUS was 
not reported by these authors which makes interpretation of their findings challenging 
(Dommerholt et al., 2015).  The main findings of this study are that intra-examiner reliability 
was ‘fair to good’ to ‘excellent’, and inter-examiner reliability was ‘fair to good’.  These 
findings demonstrate that, similar to other EUS reliability studies of musculoskeletal regions, 
acceptable inter and intra- reliability can be achieved.   
 
The current finding of acceptable reliability is similar to that previously demonstrated for 
other musculoskeletal structures.  For example, Ríos-Díaz et al., (2015) recently showed high 
agreement in intra-rater reliability in measuring plantar fascia elasticity with EUS, and 
Drakonaki, Allen, & Wilson, (2009) showed intra-rater reliability ranged from ‘good’ to 
‘excellent’ and inter-rater reliability showed overall ‘good’ reliability in longitudinal and 
axial EUS imaging of the Achilles tendon.  
 
 
Subjects 
 
The eligibility criteria for subject recruitment were purposefully constructed to include 
individuals from the general public of both sexes and a wide age range.  This was intended to 
promote external validity.  Although stiffness is known to increase with age (Brown, Fisher, 
& Salsich, 1999) and sex (Morse, 2011), in a reliability study subjects are compared to 
themselves, and including a wider age spectrum and both sexes improves external validity  
[QAREL Item 1 please refer to Appendix F].  The risk of injuries in the thigh increases after 
25 years of age, and conveniently the mean age of participants here was 29 representing a 
physically active population (i.e. Marathon runners) of increased risk in thigh muscle injuries 
65 
 
(Satterthwaite, Norton, Larmer, & Robinson, 1999).  However, the sample of 12 participants 
is not sufficient to represent a population.  Thus, the findings of the study are only suggestive 
in nature and in order to substantiate findings a larger sample size is needed.  
 
 
Examiners 
 
The examiners were intended to be typical of the population of therapists that are most likely 
to use EUS in rehabilitation applications.  The two novice examiners were postgraduate 
students nearing registration as osteopaths.  The sonographer was fully qualified with over 20 
years’ experience in musculoskeletal imaging and regularly works in collaboration with 
manual therapists.  Importantly, the two novice examiners were not certified sonographers. 
However, training was undertaken by the novice examiners for the specific procedures used 
in this study.  The quality of sonography is known to be examiner dependent, therefore, 
reliability is dependent on the proficiency of the examiner in using USI (Whittaker et al., 
2007) .  The sample of three examiners was too small to be considered as representative of the 
population employing these techniques, however, these findings provide indicative 
information and promote further investigative studies with a larger sample size.  
 
 
Extraction Reliability 
 
Extraction reliability was examined to determine the reliability of extracting colour-hue 
histograms from EUS images independent of scanning technique.  The high reliability of 
extracting data suggests that the variation in reliability of inter and intra-examiner reliability 
is not related to measurement error in generating the colour-hue histograms extraction. 
Therefore, the variation in findings is more likely to have originated from the differences in 
scanning technique and location of the ROI between examiners. 
 
 
Inter-examiner and intra-examiner reliability 
 
Interpretation of ICC values 
 
Estimates for both the inter-examiner and intra-examiner reliability ranged from ‘fair to good’ 
to ‘excellent’, however, the confidence intervals are wide probably as a result of a small 
sample size.  Intra-examiner reliability was higher than inter-examiner reliability and may be 
explained by personal idiosyncrasies each examiner may project in the scanning process 
despite the standardized protocol.  Examples may include the amount of transducer pressure 
maintained, or small differences in locating the ROI between examiners.  Both the intra-
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examiner and inter-examiner measures were taken in the same session with minimal time 
interval between measures.  Therefore, external factors, such as biological tissue changes 
from activity (Yanagisawa et al., 2011), that may confound repeated measures were 
minimized (N. P. Lucas et al., 2010).  Furthermore, the same group of examiners was used in 
the same order and the same ultrasound scanner was used for every scan.  
 
Variation in ROI location 
 
Another source for the potential variation may have been the location of the ROI for 
scanning.  No skin surface markings were used to identify the ROI, therefore, the reliance on 
anatomical landmarks was necessary and may have introduced potential for minor variance of 
the identification of the ROI which may have negatively affected reliability.  Furthermore, 
each examiner would have identified the ROI in a slightly different manner, which would 
have increased variance between examiners and affected the inter-examiner reliability.  
However, the use of anatomical landmarks without any markings is typical of clinical settings 
where the identification of the ROI is based solely on anatomical landmarks.  This reduced 
the probability of examiners identifying the ROI by solely depending on ‘marked’ anatomical 
landmarks therefore avoiding the use of ‘additional cues’ (N. P. Lucas et al., 2010) and also 
avoiding in a having a higher error in reproducibility.  
 
Fascial Manipulation Point  
 
The ROI was slightly modified from the Fascial Manipulation Point of the anterior thigh 
described by Luigi Stecco (L. Stecco, 2004).  The original anatomical landmark is the area 
between the vastus lateralis and rectus femoris muscle and superior to the vastus intermedius 
muscle located half-way on the anterior thigh (Pedrelli et al., 2009).  The ROI for this study 
was located between the vastus lateralis and vastus intermedius muscle.  When the rectus 
femoris muscle was identified during the scan of the anterior thigh the transducer was turned 
and positioned longitudinally from a transverse position to image the subcutaneous tissue, 
vastus lateralis and vastus intermedius muscle layers.  The ROI was not located halfway on 
the thigh region.  However, the location is more accurate than the Fascial Manipulation Point 
described by Stecco (L. Stecco, 2004) because it would have been challenging to identify the 
same ROI without any identifiable landmarks and only relying on estimating the halfway 
point of the thigh.  The beginning of the clear outline of the rectus femoris muscle was an 
effective landmark for the ROI because it was easily identifiable and constant in each subject. 
If the current study used the location ‘halfway the anterior thigh’ then there may have been 
more discrepancy in findings as the location of the ROI may have more variability. 
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Reducing variance by repeating protocol of ROI location 
 
The procedure of locating the ROI was repeated for each measurement by each examiner.  
This was to ensure that all examiners were consistently using the same procedure in finding 
the ROI in an effort to reduce variability between measures.  An alternative approach could 
have been to find the ROI once per set of three measurements and then remove the transducer 
and place it back on the region scanned.  This approach was used in an EUS study conducted 
by Dorado Cortez et al., (2015) who repeated the measurements by “removing and replacing 
the probe three times from each site” after finding the ROI in scanning (Dorado Cortez et al., 
2015).  However, this procedure was not emulated in the current study as it was considered 
that reliabilty measures based on this approach are not true representations of the reliability of 
the examiners.  
 
The finding of acceptable intra-examiner reliability suggest that EUS can be an effective tool 
for measuring tissue stiffness in the anterior thigh.  Furthermore, EUS may be reliably used 
by novice examiners who have undergone specific training.  The anterior thigh is a common 
region targeted in manual therapy practice, and these findings indicate EUS may effectively 
evaluate the biological parameters in clinical scenarios, including in rehabilitative settings 
where the tissue stiffness of the anterior thigh may be clinically relevant.  
 
 
Interpretation of SEM and MDC 
 
The small sample size may be the major contributor to low SEM values with wide confidence 
intervals.  Thus biological variability may not be the cause of the variance.  It is important to 
not over analyze and conclude an interpretation from MDC values when the sample size is 
small and non-homogenous.  
 
 
Recommendations 
 
The current exploratory study allows room for future research to be conducted.  Large 
samples of both examiners and subjects is recommended in reliability type studies but was not 
possible here because of funding constraints and access to scanner time.  Smaller samples 
lack power and the precision of confidence intervals for intraclass coefficients is therefore 
poor (Bonett, 2002).  A larger sample of examiners would allow a better representation of the 
population of manual therapists that are most likely to use EUS imaging for RUSI for the 
anterior thigh.  A larger sample size of subjects would improve the representativeness for the 
population of people who may be scanned.  If there is difficulty in getting more subject 
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numbers Bonett (2002) suggests that increasing the number of measurements per subject may 
be helpful and cost effective (Bonett, 2002).  For extra measurements in the future studies, 
scans can be collected from each subject by using the left and right anterior thigh, although 
this introduces the problem of non-independence and was avoided in this study.  
 
 
Conclusion 
 
The current study shows results that indicate that EUS has acceptable intra- and inter-
reliability in assessing tissue stiffness of anterior thigh soft-tissues.  These results are similar 
to the outcomes of previous studies performed in other musculoskeletal regions.  The study 
was exploratory in nature and the sample sizes of both the examiners and subjects were low, 
therefore, generalisable conclusions about the intra- and inter-examiner reliability are not 
possible.  Also, the study contributes to the emerging evidence to suggest the notion that EUS 
may have utility in musculoskeletal medicine as a tool for musculoskeletal tissue stiffness 
assessment.  
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Appendix E- Participants descriptive Statistics 
 
 
Participants Gender         Age     Weight (kg) 
Height 
(cm) 
 
1 F 26 50 162 
 
2 F 30 64 164 
 
3 M 34 85 177 
 
4 F 23 55 162 
 
5 F 31 71 172 
 
6 F 30 67 177 
 
7 M 42 97 187 
 
8 F 24 66 165 
 
9 F 24 65 158 
 
10 F 27 71 164 
 
11 F 34 60 165 
 
12 M 22 84 182 
 
Mean  28.9 69.6 169.6 
 
Median  28.5 66.5 165 
 
Standard Deviation  5.8 13.4 9.2 
 
Range   22-42 50-97 162-187 
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Appendix F- : Quality Appraisal of Diagnostic Reliability 
(QAREL) Checklist 
 
 
Table 1: Quality Appraisal of Diagnostic Reliability (QAREL) Checklist 
Item Yes No Unclear N/A 
1. Was the test evaluated in a sample of subjects who were representative of those to whom the authors 
intended the results to be applied? 
(DEF: 3, 4, 5, 7, 8, 9)  
    
2. Was the test performed by raters who were representative of those to whom the authors intended the 
results to be applied? 
(DEF 3, 4, 6, 7, 8, 9)  
    
3. Were raters blinded to the findings of other raters during the study? 
(DEF 10)      
4. Were raters blinded to their own prior findings of the test under evaluation? 
(DEF 11)      
5. Were raters blinded to the results of the reference standard for the target disorder                (or variable) 
being evaluated? 
(DEF 12) 
    
6. Were raters blinded to clinical information that was not intended to be provided as part of the testing 
procedure or study design? 
(DEF 13)  
    
7. Were raters blinded to additional cues that were not part of the test? 
(DEF 14)      
8. Was the order of examination varied? 
(DEF 15, 16)     
9. Was the time interval between repeated measurements compatible with the stability (or theoretical 
stability) of the variable being measured? 
(DEF 17) 
    
10. Was the test applied correctly and interpreted appropriately? 
(DEF 18)      
11. Were appropriate statistical measures of agreement used? 
(DEF 19, 20, 21)      
TOTAL     
DEF numbers relate to items on the QAREL Data Extraction Form 
Note: used from Lucas et al., (2010)  
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